
  

   

 

   

    

  

 

   

" II." I , :III‘I' “. I- : . ..

“' II ““1““... :{f’Ii,L.““““"I:-‘.‘:‘~"I“I; “I“IIIII“II“ I III “ _.

. «I» . I....I.I "IIIII'IIIIIIII :2
III “I" II II“. 5“,“ .I I“ INT“:“ I' III.II “ ““6.“““““..“““I“ II III“ ‘i‘ IL“

I“ “II“ “I'I III I”:I. ’“”II-w“III“.IH“

.I'lI‘ .. - .. .IIIIIIm. I -I- v 3:.
II I “ II h I“ I“ “ I“ I“ “KIM.“

“I““ I“ ““0““FF)“:f‘“
,.II.. I. HUI...“ I I..--‘“- m ‘I .1“ . . 'I-aIIII I“I] I. I.I‘Ii‘lhfw‘.

I... I II. II IIIII'I.I.....I.. I. IIII. IIII. *3?" I
II 'I.“I“ II. III"-I"II ' III I II' .I. In 1 " ‘IIIII:. II,:~.I .

I III... .IIIIII'...I'I.‘II.“i. , III“... IIII' IIIIIII II“II““I“““ .‘IIIIII “III' ‘ II. I I?“““.I-'“ “I W

“I'.“':“‘II'I“I III]I I. In...“ - I“II“II II:“III I“.“l.““ ”II” “I " J .4: 'I‘ y 3

In..I.I I... II III. .III. I I' '
I“I.'I“.““ I'I'II “I.“ II “III “i““I““I ““““I“III“r““ I. "I“ m“ I“IIII.VII “““ I I :“I

II I...II ."L:. .l. ...'...;_if..“‘.....Hd““1““I’IIlI:I . III.N 1‘“.'. I I...I!..VIII“. “ “ .I“ ““II.S w...

” IIIIIIHI ;; ‘t' I'.I' I.I‘....;“.I'“3 II ’I M

“II“I.iI..I.I'“ I'I INHIII“I“IIII'

"II"II. IIII“U I..I“II I I I‘““““II III I«III N . III . I. .I...; I II.IIII.IIII .
‘IIIIII.II'IIIII.“’.IIII..III.III.IIII“II.IIIIII

I “III .I “. '.I“'. I. I I I;.I.I I‘I “

I . I I III III“III'. 2 . .. I. I .II I III‘“‘I“I“ “I“ III III“““““I“““III“““I
I.I.“III“II..II.I' .II “III.II‘|“I:I...”IIIIIIIII".lIII.II INN.Wig...“

II

I ;'I III‘ I I'. II I .“'IIIIII ““““ I

“flII“ “III“. II I II ““““““II“““II“I.I 'II“II“'““ I

“If ' III‘III.IIII".II”III.“.IIIII"I...II.If

“““II“““““I“I “'II' “" ““I."““I'“ILII“.“““““IIIIIIIII““I“I““I“I“III. II“ 3‘“

“I. f”. “ {III.. (fj‘II'I.IIIIIIII'IIIIIIIIIIIIII IIIIII.I.“ I.“ W.“I“3?; ,. .

' I III" III....IIIII. ..II'IIII““““““I“III?”III .I'.‘

I I .III .. III“ 'IIIII'I I II I III“ II In?

I“““III “M ..I..“I.III'IEI;“I“III.II I.IIII“II“II““III.IIIIIIIIII.)"\0

““I“ I. I.
II.I.“

. II

'“““I'm‘ I I “H““I ‘I...I. “I “'II II ”.IIIIH..“““I“I“II

- I- .III; 'II’I . . II',I“II.II “HI“IIII'. . . Mr.

“I“.- . .'“II' “'1'“. ‘ 'I,‘ III “IIIIIIIIIII.IIIIIIIIIIIIIIIIII'I“IIITII'II'III

I
z
fi
-
‘
i

c
:
;
m
.

b

"
'
3
'

-
.
.
‘

-
“
u
.

.
«
o

a

h
.
.
.

l
.
0
}
.
-

—
4
‘
.
¢

‘
I

v

u
n
.

N
.
'
«
.
“

u

g
'
l
.
‘
—
I

A

I.II'.I “I'I

2
1
1
:
.
.
.
_
:
L

v
a

”
$
.
1
4
”

 ‘ g" .. . I'IIIII‘II‘I" II“ III. IIII'II .IIII ..

IIII ' IIIII III.I IIIIIIII“‘I'I‘III'II“IIIII‘II’II‘““I“““I'“I.III“““III“.IIIIIIIIII.I..l....I..IIIIII IIIIII.I.... I.I.IIII ...IIII.rIIIfi.“

_
_
:
-

. II.I'

I

I “III.I‘Ii‘.I~ It. “.“II“.I.'IIIII...- I”

' “““U I'“‘“ “ “HI““““I'M”I ““II“ III ““““““““““ III“I “I“ INK

II?!“ "II"I“I.“III.“I“.“III “III'“IHI“IN““.0.“““II. “'I“III“I“.I M”...II“II I.I““‘“““;““

If] . III.II.I III'II““IIII“ ‘1.

‘III .“ ' I 'I‘I“ “I'I“ “ “ “““ I I“““““
“““l

‘“'II““’“"..II“'“'“.“7'I. ' .. ' I'.. I...“ “II... III... I ,I.;.I.II.I“““. “.‘5I““'! II.IIII'II.1“I.“MUM“?

II'II

. 'III'III“
..I.. .I. “II. “II.“I

IIJII.“I“!“IIIIII".
..;. III““III I“.'I“II“I'. .I.IIIII‘w...

.I III I'll..

“ I

  

 M

.. I.“

I“ 9...”. ..... I... .' . . ..I.'_ .. . I!

‘, . .H ...I . .II'I . H I” “.II M ”I... I .. I'II..‘.I‘ “LIT"...‘I I. ”I...In“;‘I.

I in: I I.‘ . . ”IL.-.‘_ I.I....I;I.I_.“TIII - I IIIIII; .III'.I_“I“I‘I " ‘I'.I'IIIIIIIIII III



allmllrlzlllltllllulllullwill W

 

This is to certify that the

thesis entitled

Investigation of the Perturbation of the Excited State

Processes of Naphthalene Crown Ether Derivatives by

Complexation of the Cations of Alkali Metal Chlorides,

Barium Bromide, and Silver Triflate; Investigation of

the External Hea Atom Pert r tion .

vy presenttleggy

James M. Larson

has been accepted towards fulfillment

of the requirements for

Ph . D . degree in Chemis try

 

U VMajor professor

Date 3“ %/?78

0-7639



OVERDUE
FINES ARE 25¢ PER DAY

PER ITEM

0 remove

ord.Return
to book drop t

this checkout
from your rec

l

 

  
 



INVESTIGATION OF THE PERTURBATION OF THE EXCITED STATE PROCESSES

OF NAPHTHALENE CROWN ETHER DERIVATIVES BY COMPLEXATION OF THE

CATIONS OF ALKALI METAL CHLORIDES, BARIUM BROMIDE, AND

SILVER TRIFLATE; INVESTIGATION OF THE EXTERNAL HEAVY

ATOM PERTURBATION OF THE EXCITED STATE PROCESSES OF NAPHTHALENE

CROWN ETHER DERIVATIVES BY ETHYL BROMIDE AND BY MEANS OF

COMPLEXED HALOALKYAMMDNIUM CATIONS

BY

James M. Larson

A DISSERTATION

Submitted to

Michigan State University

in partial fulfillment of the requirements

for the degree of

DOCTOR OF PHILOSOPHY

Department of Chemistry

1979



ABSTRACT

INVESTIGATION OF THE PERTURBATION OF THE EXCITED STATE PROCESSES

OF NAPHTHALENE CROWN ETHER DERIVATIVES BY COMPLEXATION OF THE

CATIONS OF ALKALI METAL CHLORIDES, BARIUM BROMIDE, AND

SILVER TRIFLATE; INVESTIGATION OF THE EXTERNAL HEAVY

ATOM PERTURBATION OF THE EXCITED STATE PROCESSES OF NAPHTHALENE

CROWN ETHER DERIVATIVES BY ETHYL BROMIDE AND BY MEANS OF

COMPLEXED HALOALKYAMMONIUM CATIONS

BY

James M. Larson

The excited state behavior of naphthalene, naphthalene crown

ether derivatives 2,3—naphtho-20-crown-6, 1,8-naphtho-21-crown-6,

and 1,5-naphtho-22-crown-6; 2,3-, 1,8-, and 1,5-bis(methoxymethyl) and

dimethyl naphthalene derivatives; and alkali metal chloride, barium

bromide, silver triflate, ammonium, and haloalkylammonium chloride

complexes of the above named naphthalene crown ether derivatives was

investigated in alcohol glasses at 77 K. Ultraviolet absorption,

fluorescence, and phosphorescence spectra were determined at 77 K.

Fluorescence and phosphorescence quantum yields (relative to naph-

thalene) and lifetimes were also measured.

The dissertation considers complexation as a tool to study a

phenomenon - naphthalene's excited state behavior - by characterizing
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the phenomenon in terms of the way in which it is perturbed by a

variety of complexed species (perturbers). The approach is to con-

sider changes in rate constants of excited state processes as a

function of perturber and of crown by which it is complexed.

The relative advantages and disadvantages of the proposed per-

turbational method are compared to those of other perturbational

methods which have been used to study excited states. The major

advantage of the proposed method is that it allows the investigation

of effects of perturbers which aren't chemically affixed to the

chromophore yet whose orientation relative to the chromophore is

reasonably well defined. A complicating feature of the proposed

method is the perturbation due to chemically affixing the complexing

agent to the chromophore. Methylene groups were interposed between

the oxygens of the crown ether and the naphthalene nucleus to elec-

trically insulate the chromophore from the oxygen atoms. The per-

turbation due to attachment of the complexing agent is considered

by comparing 2.3-, 1,8-, and 1,5-dimethy1 andflg—(methoxymethyl)

substituent and complexed perturber induced changes in spectra and

rate constants to those induced by complexation of metal cations.

It is concluded that changes in rate constants due to complexed

metal cation perturbers are different from those due to substituents

and are characteristic of the properties of the metal cation and

of where and how it is held by the crown ether complexer relative to

the chromophore.

Perturbation of excited state behavior by complexed haloalkyl-

ammonium chloride salts is considered, and, from a comparison to
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perturbation by alkylammonium chloride salts, it is concluded that

the perturbation due to complexation of the ammonium group can be

"separated" from those due to perturbation by the alkyl halide func-

tion. The results provide new information on the external heavy

atom effect. The relative susceptibilities of rate constants for

excited state processes to perturbation by complexed haloalkylamr

monium salts are different for each crown.

Changes in quantum yields and triplet lifetimes for naphthalene,

naphthalene crown ether derivatives, and various alkali metal come

plexes of these crowns due to perturbation by ethyl bromide containing

glass (20% by volume) were also determined.

The major conclusions of the investigation are: 1) there is a

directional dependence for external excited state perturbation (from

results of ethyl bromide and haloalkylammonium salt perturbation);

2) there is either a strong distance and/or directional dependence

(from metal cation perturbation); 3) the positive charge of cationic

perturbers in itself induces little change in the rates of excited

state processes of naphthalene derivatives; 4) the external heavy

atom effect due to alkyl halides does not require the mediation of

charge transfer states; 5) the effects of two external perturbers

are not additive and that the perturbation due to one external per-

turber {ngL, ethyl bromide) decreases as the perturbation due to a

complexed cation increases; and 6) there is no general order for

the susceptibility of rate constants for excited state processes;

the relative susceptibility is found to depend upon both the per-

turber and where it is held relative to the chromophore.
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Relative absorbancies for shorter wavelength
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PREFACE

This investigation of excited state processes makes use of a new

perturbational method, so the introduction will first make some

general comments on the nature of perturbational methodology. An

analytical consideration of how excited state processes might be

studied by perturbational methods will then be presented. Methods

which have been used and their relative advantages and disadvantages

are noted and compared to those of the method used in this investi—

gation. The problem will then be recast in terms of the methodology

presented and the general philosophy of the proposed method of analysis

given. A brief background section on heavy atom effects will be

presented, since some of the perturbing species used are known to

cause what has come to be called "heavy atom effects". After the

introduction, results will be presented in a fashion suitable to the

proposed method of analysis. The discussion will analyze the results

in terms of the questions and problems raised in the introduction.

It should be pointed out at the onset that this investigation is

very exploratory in nature. Reasonable sets of experiments in light

of what was known and what was learned in the course of the investi-

gation were proposed and carried out. While the results at hand

undoubtedly answer some of the questions posed, they may also raise

more questions than they answer. But this is the nature of explora-

tory research.



INTRODUCTION

General Methodology

One of the most general ways to study a phenomenon is to charac-

terize it in terms of its behavior. This can be done not only by

observing its normal behavior but also by observing how it behaves

in response to a variety of stimuli. The Latins had a phrase which

summarizes the philosophy of this methodology: ‘égere sequitur ease

(to act follows to be). That is, a thing's behavior is a function of

its nature. A problem inherent to all perturbational studies is the

possibility that the perturbation applied might change the system

to the point that the observed behavior is no longer characteristic

of the unperturbed system but characteristic rather of a new system

produced by the perturbation.

The phenomenon with which this investigation is concerned is

the behavior of electronically excited states produced by electronic

excitation in condensed phases. Since the purpose of this investi-

gation is in part to investigate the validity of a new perturbation-

al method and since a general investigation of excited state pro—

cesses is beyond the scope of any single study, the excited state

behavior of a single compound will be investigated using this method.

Naphthalene, a member of the aromatic hydrocarbon series, is the model

compound selected for the purposes of this investigation. Reasons

for its selection will be given later. It might be hoped that what

is learned from this investigation based on naphthalene, provided

that the perturbational method used can be justified, might be true



for aromatic hydrocarbons in general. The generality of conclu-

sions reached. however, will not be established by this investi-

gation.

Excited State Processes1

 

Before considering the variety of ways which might be used to

study excited state behavior by perturbational methods, a discussion

of what excited states normally do will be given. What excited states

do is to dissipate excess energy. What is of interest is how they

dissipate energy. The ways in which excited states dissipate energy

fall into two classes: radiative (energy dissipated in the form of

light) and nonradiative. Nonradiative energy dissipation may occur

by energy transfer in the form of heat to the physical surroundings,

by energy transfer to another molecule, or‘gig chemical reaction.

This investigation is limited to a consideration of photophysical

processes of photoexcited molecules in condensed phases, 3:3;3

electronic excited state in the absence of chemical reactions but

under the possible physical perturbation of a solvent. The systems

studied will be dilute (10-4 g range) solutions in glassy media at

77 K, so nonradiative energy transfer will most likely involve energy

transfer to the physical surroundings.

A Jablonski diagram depicting the photophysical processes of a

typical aromatic hydrocarbon in condensed medium is given in Scheme

1.2 Radiative processes are indicated by straight lines, nonradiative

by wavy lines. The main processes of interest are: fluorescence

(radiative decay of lowest electronically excited singlet state, 81),
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phosphorescence (radiative decay of the lowest electronically excited

triplet state, T1), intersystem crossing (radiationless decay of S1

involving crossing to the triplet manifold, radiationless decay of 81

to So, radiationless decay involving intersystem crossing from T1 to

S Each of these are unimolecular processes. The rate constants0.

of each of these processes are labeled as follows: kf (rate constant

for fluorescence), kp (rate constant for phosphorescence), k c (rate

is

constant for intersystem crossing from 81 to T1), kds (rate constant

for radiationless decay from S1 to So).kdt (rate constant for radia-

tionless decay from T1 to 80). Note that when a process is indicated

to occur from one state to another nothing more is intended than an

indication of the initial and final states; no implication about how

this process occurs is intended. In condensed media, rates of radia-

tionless decay of higher excited singlets to S1 or higher excited

triplets to T1 (referred to as "internal conversion" in both cases)

are much faster than either radiative or radiationless decay of either

81 or T1, so fluorescence and phosphorescence are normally from S1

and T1, respectively.3

The rates of radiative and radiationless decays from S1 and T1

can be calculated from the following experimentally determined quanti-

ties: ¢f (quantum yield of fluorescence), ¢ (quantum yield of phos-

P

phorescence), Tf (lifetime of fluorescence decay), Tp (lifetime of

phosphorescence decay), and ¢isc (quantum yield of intersystem cross-

ing. These quantities are defined by the rates in Scheme 1 as given

'by the following equations:



 ¢ I: 3kT

f f f

kf + kds + kisc

¢isc g kisc Tf

=¢ __1:p_._

P i3Ck+k
p dt

¢ ¢isc kp Tp

¢i
sc is readily determined in solution, but in glassy media much more

complex experiments are required.5 For many aromatic hydrocarbons,

including naphthalene, however, it has been demonstrated (in solution

and in glassy media) by the direct determination of the quantum yield

of triplet formation, that ¢isc - l — ¢f-5 This means that all decay

of S1 is either through fluorescence or through intersystem crossing.

Alternatively, it means that kds is negligibly small compared to

(Rf + kisc)' Thus, the above set of equations reduce to four equa-

tions in four unknowns. Solutions for the rate constants in terms of

measurable quantities are:



1
k --- -k
dt 1p 9

Determination of these rate constants for naphthalene and for naph-

thalene perturbed in a variety of ways will be one way of investigating

how excited state processes are affected as a function of the way in

which naphthalene is perturbed.

Perturbational Methods

An analytical consideration of how naphthalene excited states might

be studied by perturbational methods will now be given. Ideally a

perturbational study would involve taking a single electronically ex-

cited naphthalene molecule, bringing a variety of different type

perturbers up to it, holding them at a variety of distances and

orientations, and characterizing changes in the rates of its excited

state processes in terms of these parameters. Several possible orien-

tations are indicated below:

00s 3‘

Such a study would reveal the following kinds of information: direction

of approach of the perturber which is most effective; the minimum



distance between naphthalene and perturber for perturbation to occur;

and which perturbers are most effective at perturbing a given process

or group of processes. In the absence of molecular forceps this method

is obviously not capable of experimental realization. What are needed,

then, are methods which will induce the perturber and perturbee to

spend time near each other. Various methods have been used to do this

and their relative advantages and disadvantages as perturbational

methods will be given below. Finally, the method used in this in-

vestigation will be discussed in terms of its relative advantages and

disadvantages as a perturbational method.

One of the surest ways of inducing two species to spend time

together in a relatively fixed fashion is to hold them together via

a covalent bond. Thus, one might investigate changes in naphthalene's

excited state processes as a function of position, number and nature

of substituents. This has been done for naphthalene using deuterium6

and halogen7 substituents in place of protium. The advantage of using

deuterium as a perturber is that substitution of deuterium for pro-

tium is the smallest possible chemical perturbation that can be made.

One advantage of using the halogens as perturbers is that they form

a larger series, though different in nature, than the limited isotopes

of hydrogen. The disadvantage is that substitution of halogen for

hydrogen is a large chemical perturbation. It is well known that the

interaction of unshared electron pairs on halogen with adjacent

n -systems has been used to explain the greater strength of aryl-

halogen and vinyl-halogen bonds as compared to alkyl halogen bonds.

Thus, results of such studies have to be treated with the caution



that changes in the rates of excited state processes for different

perturbers might not be comparable. The changes, rather than reflect-

ing a change in some fundamental periodic property of the halogens,

might instead reflect changes due to chemically altering the sub-

stituted nucleus to such an extent that changes observed for different

substitutents are no longer comparable. The alteration due to dif—

ferent substituents might be due to changes in fundamental periodic

properties. The problem is separation of effects, which might be dif-

ficult for covalently bonded perturbers.

Both deuterium and halogen substitution have provided useful probes

of excited state behavior. The smaller amplitude of a vibrational

wavefunction for a deuterium-carbon bond compared to that of a protium—

carbon bond of the same energy has proven to be useful in the under-

standing of radiationless decay processes.8 The halogens have pro-

vided a useful series for investigation of the effects of variation

of the atomic number of the perturber on excited state processes.

Their effects as perturbers has led to much of what is known about so

called "heavy atom effects" (gigg infra). McClure, for example, found

that the triplet lifetimes of a- and of B-halonaphthalenes correlated

reasonably well with a single atomic parameter of the halogens, the

spin-orbital coupling parameter.9

Another method of inducing two things to spend time near each

other is to simply mix them together. Barring any attractive inter-

actions, statistically they will spend some time in each other's

Vicinity. The chances of the two species spending time in each other's

Vicinity can be increased by increasing the concentrations of one or



both species. Results of studies done on compounds in the gas phase

and in a condensed phase are often different. In the gas phase,

fluorescence from higher electronic states than $1 and from vibrational

levels of electronically excited states has been observed.10 As was

previously noted, however, fluorescence is usually from S when the

1

compound is in the condensed phase. Thus, comparison of excited state

behavior in the gas phase and in a condensed phase is one perturba-

tional method of the intermolecular variety.11 One can also investi-

gate the perturbing effects of one condensed phase relative to another.12

The advantages of this perturbation method are that 1) it avoids the

possible pitfalls of making use of covalent bonding to ensure associa-

tion, and 2) it allows investigation of perturbations due to species

which can't be covalently bonded to a hydrocarbon framework. For this

type of study, it is desirable that there be no strong attractive

forces between the perturber and the perturbee, 3:24, that their assoc-

iation be governed by statistics. Strong attractions between the per-

turbee and perturber will change both of them and invalidate the per-

turbational method. This is probably not a problem for cases which

require high concentrations of perturber. A disadvantage of this

method is that one has no idea of the spatial relationships between

perturber and perturbee which give rise to the observed effects. In

the absence of attractive interactions there should be a random dis-

tribution of perturber around the perturbed species, thus giving rise

to an infinite number of interactions. Also, for a given direction of

approach, the distance between the perturber and perturbee will vary

in a statistical fashion. Since one would not expect all these



10

interactions to give the same effect, the observed results will be a

mixture of effects unless there is only one effective perturbational

interaction. Analysis of a mixture of effects is less informative

than analysis of isolated effects.

One of the most common types of condensed phases used to study ex—

cited state behavior has been alkyl halides, either neat or mixed with

some other solvent. Solutions in neat alkyl halides, however, fre-

quently give cracked glasses,13 which makes accurate quantum yield

determinations impossible, and mixed first order triplet decay is

13’14 Thus, actual rate constant calculationsinvariably observed.

can't be done, since the observed quantities are composites. Never-

theless, trends in ¢f, ¢p’ and Tp have been noted for these studies

and interpreted as heavy atom effects (see introduction section on

heavy atom effects below). Another problem is that alkyl iodides

absorb strongly at wavelengths shorter than 400 nm (see results section

for ethyl bromide). Its use for studying a chromophore like naphthalene

is impossible except in a very rough way, since naphthalene fluoresces

in the 315 to 400 nm region.15 Condensed phases of rare gases at

4.2 OK have also been used as perturbing media. Condensed phases of

this sort are probably less likely to interact chemically with a dis-

solved species than are any others, which makes them ideal perturbers.

Johnson has shown that the triplet lifetimes and phosphorescence

spectra of benzene in an argon matrix differ according to the symmetry

of the hole benzene is in and he was able to identify the symmetry

17
<>f one of the holes responsible for a given lifetime and spectrum.

A variety of other types of external perturbers have been used: alkali
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18 cesium chloride (perturba—

20,21

halide salts (perturbation due to halide),

tion due to cesium cation),19 transition metals, and other para-

magnetic species such as oxygen.22 The kinds of perturbers noted

above have a wide range of properties and each kind of perturber

provides limited information about the nature of excited state pro-

cesses. The wide variety of perturbers which can be used is one of

the advantages of the intermolecular perturbational method. The main

disadvantage of this method is the random distribution of perturber,

which gives rise to many different interactions. Johnson's work for

benzene (vide infra) in rare gas hosts was able to partially overcome
 

this difficulty by being able to control the symmetry of the hole.

Another method which can be used to get two species to spend time

together makes use of species which form complexes. Provided that

the site of complexation is known, this method has the advantage of

being less random than the intermolecular method. These studies

depend upon attractive polar interactions involving atoms which are

part of the chromophore as the basis for complexation. While such

studies may be instructive in their own right, it does not seem to

be desirable to base a perturbational method upon this type of inter-

action. Some examples of this kind of study follow. Yuster and Weiss-

man23 determined relative fluorescence and phosphorescence intensities

and phosphorescence lifetimes for dibenzoylmethane complexes of tri-

valent ions of aluminum, scandium, ytrrium, lanthanum, gadolinium,

and lutetium as well as phosphorescence lifetimes for complexes of

alkali and alkaline earth metals. It was found that Tp decreased

with increasing atomic number for complexes of ions in the same column
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of the periodic table. Fluorescence to phosphorescence intensities

decreased as Tp decreased. Effects were observed to depend not only

on atomic number but also on electronic configuration. The largest

effects were observed for paramagnetic gadolinium. Marzzaccoza

determined 77 °K.absorption, phosphorescence, and phosphorescence

excitation spectra of pyrazine in ethanol with various amounts of

lithium, sodium, potassium, and zinc (II) halide salts. Effects were

shown to be anion independent, and shown to be a composite of uncomr

plexed pyrazine, and 1:1 and 2:1 metal:pyrazine complexes (complexa-

tion is between metal and nitrogen). Phosphorescence quantum yields

were about the same for the 1:1 sodium and potassium complexes (0.9

1.2) and smaller for lithium, zinc, and water 1:1 complexes. Phos—

phorescence quantum yields were about the same for sodium, potassium,

and water 2:1 complexes (0.61.3) and smaller for lithium and zinc com-

plexes (<0.15 and <0.l, respectively). This study did not attempt any

interpretation of the results in terms of the properties of the per-

turbers. Song25 observed an increase in the fluorescence quantum

yield for a complex between retinal and sodium cation relative to the

quantum yield for uncomplexed retinal (a similar effect was not ob-

served for retinol). The increase in fluorescence quantum yield was

interpreted as an anomalous heavy atom effect. Luminescence properties

of complexes of metal ions with porphyrins26 and of bipyridyl ruthenium

complexes have been extensively investigated.27

Another method which has been used to induce two species to spend

time in the same vicinity is to bond the perturber to a part of the

molecule which is not part of the chromophore yet holds the perturber
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29 made use of the rigidityin the vicinity of the chromophore. Turro

of the norbornene system fused to the 2,3- positions of naphthalene

in an attempt to systematically study the interaction between bromine.

substituents on the norbornene framework and the naphthalene chromo-

phore. No systematic relationship between the position of bromine

and changes in excited state rate constants could be discerned (both

mono- and dibromonaphthonorbornenes were investigated in ether-iso

pentane—ethanol (5:5:2) glass at 77 °K). The puzzling results of this

study may be a function of an inadequate understanding of the impor-

tance of throughbond interactions, even though the bromine is insulated

by several carbon-carbon bonds from the chromophore.

Proposed Perturbational Method

This investigation has also relied upon complexation to induce

two species to spend time in the same vicinity, but it has done so in

a different fashion. The perturber itself is not directly bonded to

the chromophore of interest but is held near to it by means of a

complexing agent which has been attached. To do this, advantage

was taken of the complexing abilities of crown ethers (cyclic poly-

29’30 The following crown ether-equipped naphthalene derivativesethers).

were synthesized: 2,3-naphtho-20-crown-6 (l), 1,8-naphtho-21-crown-6

(g), and 1,5-naphtho-22-crown—6 (a).



14

The versatile complexing abilities of crown ethers provide for the

study of a wide range of perturbers. Crown ethers are known to complex

29a,b alkaline earth,293’b am-

32

a variety of cations: alkali metal,

31 31 33
monium, primary alkylammonium, diazonium, silver (I), lead

(II),33 mercury (II),33 thallium (I),33 and zinc (II)34 and lanth-

anides.35 In nonpolar solvents hydrogen bonding compounds such as

alcohols36 37and carboxylic acids are complexed by crown ethers.

Crown ethers are reasonably inert chemically. Also, they do not absorb

in the near ultraviolet region, so their absorption will not overlap

absorption by the chromophore of interest.

This proposed perturbational method has some of the advantages

and some of the disadvantages inherent to the intramolecular, inter-

molecular, and complexation perturbational methods noted above. Like

the intramolecular and complexation methods, it has the advantage

that complexed perturbers are held in reasonably well-defined positions
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relative to the naphthalene nucleus. The position of a complexed

perturber is less well-defined, however, than that of a covalently

bonded perturber or a perturber which complexes with a given site in

a chromophore. This is because the position of a complexed perturber

can't be deduced from the structure of the free crown. Also, different

perturbers may complex differently. Thus, the distance and position

of different perturbers from the naphthalene nucleus may differ. While

the positions of complexed perturbers will not be known precisely, at

least the direction of approach of a perturber to the naphthalene

nucleus is defined by the positions at which the naphthalene nucleus

is incorporated into the cycle. Like the intramolecular perturbation

method, this method perturbs naphthalene by making use of covalent

bonding. On the other hand, crown z’affords a direction of approach

to the naphthalene chromophore not practically possible gig_covalent

bonding, i;g;, it allows positioning of a perturber in the vicinity

of the n—face of the chromophore. In this case, however, it is the

complexing agent, not the perturber, which is covalently bonded.

The attachment of the complexing agent itself, of course, is a per-

turbation. The attachment of the complexing agent, however, was done

in such a way as to minimize the perturbation. The purpose of the

methylene units inserted between the naphthalene nucleus and the oxygen

atoms is to electrically insulate the naphthalene fl-system from inter-

action with unshared electron pairs on oxygen and to minimize differ-

ences in inductive effects felt by the naphthalene nucleus from

complexed and from uncomplexed oxygen. The problem of perturbing

naphthalene by attachment of the complexing agent will be considered
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in greater detail below.

Like the intermolecular and complexation perturbational methods

noted previously, the proposed method has the advantage of making it

possible to investigate the perturbing effects of species which can't

be covalently bonded to a hydrocarbon framework. Unlike intermolecular

perturbation of naphthalene, however, two of our models, crowns l

and 2, have groups which block the approach of the perturber to the

side of the chromophore. Thus, for these two crowns, our results will

perhaps be more characteristic of his:(methoxymethyl)-naphthalenes than

of naphthalene itself. For crown 3, approach to the w-face is not

blocked by the methylene units, since they lie in the same plane as

the naphthalene nucleus. Depending upon how different ions complex,

however, the distance between the n-face and the complexed ion may

vary.

There are some practical advantages to the proposed perturbational

approach, which are meaningful if the method turns out to be valid.

One advantage is that it is easier to make complexes than compounds.

Some survey studies have been hampered by the large amount of work

involved in preparation and purification of a large group of related

derivatives.6 While synthesis and purification of chromophores equipped

with complexing agents may not be trivial, once they have been made

and purified, one need only use pure salts and solvents to prepare

pure complexes. A wide variety of salts of high purity are com-

mercially available, and impurities in salts are less likely to be

troublesome than organic impurities, which may emit or quench excited

states. Also, provided that stability constants are reasonably large,
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lower concentrations than those required for the intermolecular method

can be used. This is especially important for ionic perturbers,

since many salts have very low solubilities in organic solvents.

Alternatively, crown ethers may increase the solubility of attached

hydrocarbons in aqueous media. Also, perturbers which absorb light in

the region that absorption or emission occurs may interfere when used

at high concentrations but may not interfere at low concentrations.

Thus, this investigation was able to determine the intermolecular

effect of alkyl iodides zig_iodoalkylammonium chlorides on excited

state behavior using concentrations at which absorption by the iodides

did not interfere (vide infra).
 

The perturbation due to disubstituting naphthalene with crown-

methylene groups is potentially serious. A possible consequence of this

perturbation would be that rates of excited state processes for crown

complexes could not be compared to those of naphthalene. In this case,

results for complexes of crowns l, 2, and 3 could not be compared,

although results for different complexes of the same crown might

validly be compared. The problem will in part be addressed by compar-

ing rates of excited state processes of 2,3-, 1,8-, and 1,5- dimethyl-,

l2i§f(methoxymethyl)-, and crown-methylene disubstituted naphthalenes

to those of naphthalene and to those of crown complexes. The compounds

indicated in the above series are 2,3-dimethylnaphthalene (4), 2,3-

233:(methoxymethyl)naphthalene,(a), crown l, l,8—dimethylnaphthalene

(Q), 1,81bi§7(methoxymethyl) naphthalene (Z), crown a, 1,5-dimethyl—

naphthalene (Q), 1,572igf(methoxymethyl)naphthalene (a), crown 3, and

naphthalene (IQ).
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The problem will also be addressed by comparing 77 K UV absorption and

emission spectra. The following sets of spectral comparisons will be

made: naphthalene compared to disubstituted naphthalenes, free crown

compared to complexes of same crown, and complexes of one crown com-

pared to complexes of another crown. The comparisons will be quali-

tative in nature. The extent of the comparisons will be to note how

similar or dissimilar spectral shapes are. The assumption underlying

such comparisons will be that if spectral shapes are the same, so

also are the states giving rise to them. When spectral shapes are
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different, there is less that can be said here, since this writer is

not a theoretical spectroscopist. Full analysis of spectral shapes

that are different might reveal how different the states involved are

and the nature of the perturbation responsible for their difference.

The difficulty of analysis in such cases may also be a function of

the chromophore chosen for this model study. While naphthalene is a

good candidate for study in many respects (vide infra). interpretation
 

of results may be complicated because of the nature of its absorption

(S0 + $1) and fluorescence (S1 + So), since the orbitally allowed com-

ponent of these transitions is weak and much of the observed intensity

is induced by vibronic coupling with higher electronic states.38

Perturbation due to introduction of a substituent may enhance mixing

of electronic states resulting in enhanced transition intensities.

Naphthalenes phosphorescence, however, is orbitally allowed (though,

9
of course, spin forbidden).3 Perturbation due to introduction of a

substituent may only introduce symmetry restrictions which affect the

allowedness of various transitions.40

There are several reasons which make naphthalene a good candidate

for study. Naphthalene's excited state behavior has been extensively

studied, which makes comparison of the proposed perturbational method

to previously used perturbational methods much easier than if a little

studied system had been chosen. Also, it provides for comparison of

results obtained by the proposed method to results previously obtained

by other methods. Naphthalene has acceptable photophysical properties,

i.e., it both fluoresces and phosphoresces in easily accessible spec-

tral regions. Naphthalene has less symmetry than, say, benzene, and so
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provides a better model for probing for directional dependence of

external perturbation. Naphthalene derivatives are readily available,

thus simplifying the synthetic task, and there was a reasonable chance

that the crown derivatives would be crystalline solids. Crystalline

solids can be effectively purified by recrystallization, whereas oils

are difficult to purify.

Provided that the problems alluded to are not overpowering, crowns

like 1, 2, and 3 offer a new method for the study of excited state

processes by nonbonded perturbers. At worst, the excited state behavior

of a large variety of complexes of a new variety will have been in-

vestigated.

Proposed Experiments

Previous to this investigation, there were no reports in the litera-

ture of perturbation of excited states of aromatic hydrocarbons by

alkali, alkaline earth, or by ammonium cations, save one study of the

19
quenching of nine aromatic hydrocarbons by cesium cation. In fact,

previous studies using alkali metal halides found that effects were

due to the halide, not to the cation.41 Thus, the alkali metal chlorides

should be an interesting series to investigate. Since the cation

perturbation studies are exploratory, it is not desirable to prejudice

the results by saying that the purpose is to investigate this or that

theory or effect. There was very little way to know what to expect.

'Thus, although the alkali metal cations are isoelectronic with the

<corresponding halide anions, there is no reason to assume that their

(effects will be the same or different, since the effect of the positive
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charge is unknown.

It is difficult to say in advance what correlations might be ex-

pected between the rates of excited state processes and the atomic

parameters of the perturbers. The charge, size, polarizability,

atomic number, spin-orbit coupling parameter, electronic configuration,

and magnetic properties (diamagnetic, paramagnetic) are atomic param-

eters of cationic perturbers which can be varied. The alkali metal

cations provide a series of cations which all have the same charge

but which differ in the remaining atomic parameters. Comparison of

cesium and barium cations as perturbers will provide for a comparison

of two cations which have similar atomic weights and spin orbit coup-

ling parameters but which differ in size, charge, and polarizability.

Investigation of the perturbing effects of silver (I) cation will

provide an example of a cation of lower atomic number than cesium or

barium, of about the same size as the potassium cation, of greater

polarizability than any of the other metal cations investigated, and,

unfortunately, the only cation investigated which has an unfilled shell

of electrons. These metal cations provide a wide variation of atomic

parameters, though they by no means provide a systematic variation of

every atomic parameter.

Investigation of the perturbing effects of ammonium and primary

alkylammonium salts might be interesting because they are very much

different from the alkali metal cations both in nature and in the way

they complex with crown ethers.31 Ammonium salts complex with crown

ethers through hydrogen bonding; apparently three hydrogen bonds are

necessary, since complexation with 2° and 3° ammonium salts has not
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yet been observed. What was to be expected from use of ammonium salts

as perturbers was even less certain than for the metal cations. It

was thought, however, that introduction of an alkyl group in the

vicinity of the excited state in an otherwise very polar medium might

provide a useful probe for the susceptibility of excited state behavior

to localized changes in solvent polarity.

Complexation of crown ethers with alkylammonium salts provides

another method for studying intermolecular perturbations gig attach-

ment of the perturber to the alkyl chain of an ammonium salt. This

method has been made use of to study the intermolecular heavy atom

effect due to the halogens (bromine and iodine). The effects of B-

bromoethylammonium chloride (ll), y-bromopropylammonium-chloride (lg),

B-iodoethyl-ammonium chloride (l3), and y-iodopropylammonium chloride

(l4) complexed by crowns I, 2, and 3 were investigated. This method

of investigating intermolecular heavy atom effects has the same kind

E3r”fl\\.r’h"'2§n EMf’~\\/”\\hflqul If”\\~,JVF%§J II”‘\\~”.\ON43FI
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of disadvantage as do traditional methods, i;£;, lack of knowledge of

the location of the heavy atom relative to the excited state. Although

the alkyl chain does not constrain the halogen to be in any given

place, the length of the alkyl chain places constraints on how far

away it can be and the site of complexation of the ammonium group

places constraints on where it can be. The position of the perturber

is more determinate than for the intermolecular perturbation method
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but less determinate than for the intramolecular method. While this

method has the advantage of avoiding chemical attachment of the heavy

atom to the chromophore, it has the potential disadvantage of concur-

rent perturbation of naphthalene by crown-methylene substitution

and by complexation of the ammonium group. The perturbation due to a

complexed alkylammonium salt, however, will be available for comparison.

An advantage of studying intermolecular perturbation by this method

is that a locally high concentration of perturber can be obtained

without using a high bulk concentration of perturber. This is an

advantage for an investigation of perturbers which absorb light in the

same spectral region as absorption and emission of light by the chromo-

phore under investigation. A previous study of alkyl halide perturba-

tion of naphthalene was stymied in the case of ethyl iodide (ethyl

iodide-ethanol 1:4, v/v) due to absorption of fluorescence by ethyl

iodide.15 For this investigation, however, the concentrations of

haloalkylammonium salts were sufficiently low that absorption of

fluorescence by the salt was negligible.

A traditional intermolecular heavy atom study using ethyl bromide-

ethanol-methanol (1:4:1, v/v) glass at 77 K as the perturbing medium

was done for naphthalene, for crowns l, 2, and a, and for various

alkali metal chloride complexes of these crowns. This study was done

for a variety of reasons. Changes in rates of excited state processes

of the bromoalkylammonium complexes seemed to be somewhat small. It

was possible that this might be because the bromine was not in a

position where it could perturb effectively or that the susceptibility

(of the complex to perturbation by the bromine was less than what it
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would have been for naphthalene unperturbed by crown-methylene substi-

tution and crown complexation. Thus, it was desirable to investigate

the effect of an untethered alkyl bromide. Also, questions about

whether or not heavy atom effects are additive have been raised.42

A combination of cations complexed by crowns l, g, and g and ethyl

bromide provides a series where not only the weight but also the posi-

tion of the cationic perturber can easily be varied. Directional

dependence of the intermolecular heavy atom effect has been investi-

gated by using phenyl groups substituted at adjacent positions on

naphthalene to sterically block approach of an external heavy atom

from that direction.42 Crowns l, 2, and 3 have very bulky substituents.

For 3, the crown may sterically block approach to the face of the n-

system.

Background of Heavy Atom Effects

This background section does not purport to be a complete review

of what is known about heavy atom effects (HAE). The emphasis will

be on what has been learned from intermolecular HAE due to alkyl halides.

HAE and their interpretation will be described. Issues concerning the

mechanism of HAE will be briefly indicated, but only those issues

which this investigation will have a bearing on will be described in

any detail. Differences and similarities between inter- and intra-

molecular HAE will be briefly noted.

McClure9 found that Tp decreased regularly within the same series

.for a- and B-halonaphthalnes as the atomic number of the halogen (F,

Cl, Br, I) increased. The enhanced transition probabilities were
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taken as evidence that the transitions were between singlet and triplet

states and that the long-lived states of aromatic hydrocarbons are

triplet states. The justification for this conclusion was that the

results fit the predictions of a first order perturbation treatment

(vide infra) which treated the perturbation due to introduction of a
 

halogen in terms of the spin-orbital (SO) coupling operator (H30):

H'Ho-tHSO

where 30 is the Hamiltonian for the unperturbed system and H is the

perturbed Hamiltonian. For a single electron in a central potential

field, the SO coupling operator takes the general form

Hso = k€(L°S)

where k is a composite of constants, g is the SO coupling parameter,

k is the orbital angular momentum, and S is the spin angular momentum

43
(E can be derived from atomic spectra). Its value increases rapidly

as the nuclear charge increases. The values of g for F, Cl, Br, and I

are, respectively, 272, 587, 2,460, and 5,060 cm-l.44 Thus, SO coupling

should be most pronounced when an electron is in an orbital which has

a high probability of being near a nucleus of high atomic number.

Electronic dipole transitions between states of different multiplicity

are strictly forbidden. Since it is required only that the total

angular momentum be conserved, transitions between states of different

unfltiplicity can occur, provided that the spin and orbital angular
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momentum are coupled.45 The result of SO coupling is that singlet and

triplet states which are mixed are no longer pure singlet or triplet

states but are contaminated with some triplet and some singlet state

character. The wavefunction which results from 80 coupling, WSO’

contains a term which is inversely proportional to the difference in

energy between the triplet and singlet states mixed.46 Thus, the

effectiveness of SO coupling due to a given heavy atom perturber will

depend on this energy difference as well as on the value of 5.

E for a molecule may be roughly approximated by summing the values

for all atoms in the molecule.9 The results of the first order per-

turbation treatment by McClure predicted that rpgz = constant. Since

1 and much less5 is squared, and, since 5 for carbon is only 28 cm-

for hydrogen, 5 for the molecule was taken to be the same as for the

perturbing halogen. This prediction, despite the approximations in-

volved, was borne out quite well within either the a- or the B-halo-

naphthalene series. Thus, MCClure's conclusion that the transition

observed was between singlet and triplet states based on the correla-

tion between Tp and E is justified. Thus, increased transition

probabilities between states of different multiplicities due to the

presence of an atom of high atomic number have come to be referred to

as "heavy atom effects" (HAE).

Based on McClure's findings, Kasha47 explored the possibility of

increased singlet to triplet absorption transition probabilities due

to the presence of an external heavy atom (HA). In what deserves to

‘be:called a classic experiment, it was observed that a yellow color

was instantly produced upon mixing two colorless liquids,
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a-chloronaphthalene and ethyl iodide. Spectroscopic examination

showed that the yellow color was due to enhanced S0 +-T absorption.

Investigation of the effect of ethyl iodide on the other a-halo—

naphthalenes (Br and I) showed that the enhancement of SO + T1

absorption was also a function of the internal halogen, the enhance-

ment following the order -Cl < -Br < -I.

Based on the findings of McClure and Kasha, it is to be expect-

ed, in general, that the presence of either inter- or intramolecular

HAE should increase the transition probability for any singlet-trip-

k klet interconversion process: kisc’ dt’ p’ and I8t (rate of S0 + T

absorption). This has generally been found to be the case.

The following kinds of changes are characteristic of inter- or

intramolecular heavy atom perturbation: l) ¢p/¢f increases,

2) ¢p may increase; 3) Tp invariably decreases, and 4) the integrated

intensity of SO + T absorption increases.48 Observation of increased

SO + T absorptivity is the most unambiguous demonstration of the

operation of a HAE. These experiments are somewhat difficult to do,

however, and a number of conditions must be met for the observa-

tion to be accepted as valid.49 This has come to be regarded as an

unambiguous method for establishing true 0-0 phosphorescence bands,

since the 0-0 absorption and emission bmds should occur at approxi-

mately the same frequency. Also, triplet energies can be determined

for compounds which don't phosphoresce. Demonstration of HAE on

kisc’ kp, and kdt is more difficult, since their determination

requires both quantum yield (¢f, ¢p’ ¢isc> and lifetime (Tf,TD)

Ineasurements. Investigations of HAE on these rate-constants based
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on both quantum yields and lifetimes are few. Conclusions are often

drawn on the basis of increases in ¢pl¢f or solely on the basis of

p' f 50 and, since

51
kds is assumed to be negligible for aromatic hydrocarbons, an

T Since k is assumed not to be affected by the HAE,

increase in ¢pl¢f is interpreted to be due to an increase in kisc'

Since both radiationless and radiative decay from T1 are spin for-

bidden, the operation of a HAE can be concluded solely on the basis

of a decrease in Tp. The relative susceptibilities of kp and kdt

to the HAE are not known then; however, their relative susceptibili-

ties have been determined in some cases without recourse to quantum

yield determinations by determining relative HAE on protiated and

deuterated analogs and making use of the supposition that kdt is

small for the deuterated analog.52 Other studies have determined

their relative susceptibilities by making use of electron spin

resonance to directly monitor triplet state concentrations.53 The

relative susceptibility of kp and k to the HAE is of interest
dt

because phosphorescence involves coupling of the electronic field

with the photon field while radiationless decay involves coupling of

the electronic field with the phonon field. These processes are

inherently different and might be expected to be affected differ-

ently.54 There seems to be general agreement that kp 13 generally

55

dt'

than demonstrated, however. The susceptibility of k18c relative

more susceptible to the HAE than k This is often assumed rather

to kp and kdt is not as well known, since its unambiguous determina-

tion requires determination of ¢f, ¢isc’ and Tf. As noted above,

tnvo simplifying assumptions are frequently made, and an increase in
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k18c is presumed based solely upon a decrease in ¢f or increase in

¢p/¢f. These observed changes in quantum yields could be accounted

for by a decrease in kf. Relatively little is known about how kf

is affected, since techniques for determining lifetimes in the nano-

second range are relatively recent. Some authors have proposed "in-

28b
verse HAE" to account for apparent decreases in kisc' But these

evaluations of kisc were based on less than complete data and a de-

crease in kisc could also be accounted for in terms of an increase

in the energy separation between the singlet and triplet states involved.

It has been shown, for instance, that for some aromatic hydrocarbons

02123 perylene) ¢f is decreased by neither internal nor external

HAE.56 It was shown that if kisc < 102 kf, there is no increase in

kisc due to presence of a heavy atom. It was concluded that if the

energy gap between the singlet and triplet states is larger than

10 kK, that there will be no quenching of fluorescence by either

internal or external heavy atoms. For naphthalene, T2 is close in

energy to S1 and it is thought that intersystem crossing is Xifl

T2, not directly to T1.57 Therefore, I: c for naphthalene may be

is

sensitive to changes in energy levels due to substitution and con-

sequent changes in salvation.

This investigation may add to what is known about the relative

susceptibilities Of kf, k , kp’ and kdt to external perturbers
isc

since both quantum yields and lifetimes have been determined with

time exception Of ¢isc (see introduction section on excited state

processes). It is possible, however, that there is no general

order of relative susceptibilities to external perturbers. The
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relative susceptibilities may depend upon both the chromophore and

the perturber. I

The interpretation of enhanced transition probabilities between

states of different multiplicity in the presence of a heavy atom is

universally accepted as being due to enhanced SO coupling. Thus

"HAE" has come to be used as a synonym for "S0 coupling". There has, .

however, been considerable controversy over the mechanism of SO

coupling for inter— and intramolecular HA perturbation. One issue

is the identity of the perturbing singlet state, iLEL’ whether it is

one or more singlet states of the chromophore, whether it is an ex-

13 or whether it is a singletcited singlet state of the heavy atom,

charge transfer state of a molecule-perturber complex.68 On the

basis of complete depolarization of phosphorescence in heavy atom

containing glass (vide infra), Kearnsl4 concluded that the perturb-

ing singlet state could not be one of the chromophore and, therefore,

must be a singlet state of the heavy atom.S7

Another issue is whether the interaction is best described theo-

retically in charge transfer (CT) terms or in exchange terms. Mc-

Glynn58 points out that it is difficult to make a choice between

these descriptions on theoretical grounds, but prefers a CT descrip-

tion, based on what are thought to be various, experimental indica-

tions of CT complexes. There is disagreement, however, based on the

:insensitivity of T +* S0 frequencies to solvent effects.59 This

1

.firiding is countered by McGlynn on the basis of his own results.

McGlynn had found that the 0-0 phosphorescence band of naphthalene in

propyl halide glasses was red shifted relative to the frequency of the
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0-0 band in EPA (ether-isopentane-alcohol (5:5:2, v/v) by the followb

ing amounts: 55 cm.-1 (propyl chloride), 155 cm-1 (propyl bromide),

13 noted that the differenceand 325 cm.-1 (prOpyl iodide). McGlynn

in cm.-1 in going from propyl bromide to propyl iodide was larger

than difference in going from propyl chloride to propyl bromide.

He also noted that the decrease in Tp (or increase in S0 +-T ab-

sorptivity) was larger in going from propyl chloride to propyl

bromide than in going from propyl bromide to propyl iodide. Mc-

Glynn concludes that the spin—orbital coupling interaction between

naphthalene and the propyl halide medium cannot be primarily respon-

sible for the observed red shifts, since, if it was, one would

expect to see a correspondence between the cases where the largest

increase in red shift is produced and where there is the largest

increase in $0 coupling (as evidenced by largest decrease in Tp

or increase in S0 '* T absorptivity). Since 80 coupling can't be

primarily responsible for the red shifts, something else must be. This

something else could be any perturbing singlet state higher in

energy than the triplet state. McGlynn notes that, while it could

be a CT singlet state, the results warrant only that it is some

singlet state higher in energy than the triplet. The observed red

shifts are used to favor CT interactions as the dominant effect

because of the presumed insensitivity of the T1 +rso frequency to

solvent effects by an exchange mechanism.

While McGlynn is of the opinion that CT complexes are required

14 counters with evidence (vide infra)for an external HAE, Kearns

that CT complexes aren't essential at all. The results of the

present investigation may have some bearing on the importance of CT
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complexes to the external HAE.

The issue concerning the external HAE on which this investiga-

tion will have the largest bearing is the directional dependence of

the effect. That there is such a dependence and that an aromatic

hydrocarbon is most susceptible to external perturbation in the

vicinity of the n-face is suggested but not experimentally proven

by previous investigations. By monitoring the optical density for

$0 + T absorption and the refractive index of mixtures of a-chloro-

60 was able to show evidencenaphthalene and ethyl iodide, McGlynn

for at least weak complexes (stabilization energy of about 0.6 kcal,

equilibrium constant approximately 0). The stoichiometry of the

complex was 1:1, though the existence of other stoichiometries

were evident but much less preponderant. McGlynn13 found, however,

that phosphorescence decay curves for solutes in alkyl halide glasses

could only be reproduced analytically by a sum of several first

order single exponential decays. This fact was interpreted as an

indication that the conformation of the complex could vary widely

about some most probable configuration. Evidence for a 1:1 complex

was used to favor a CT mechanism rather than exchange, since, it was

contended, an exchange mechanism would not require such specific

58 It does not seem, however, that McGlynn's interpre-interaction.

tations of either the room temperature data or of the multiexponen—

tial decay character in a glass are interpretations required by

the data. The seeming preponderance of a 1:1 complex at room tem—

perature could also be accounted for by many different interaction

geometries which all give rise to about the same effect. A heavy
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atom anywhere in the vicinity of the neface might have a large effect.

Furthermore, interpretation of the multiexponential decay character

in terms of conformational variation around some most probable con-

figuration is not consistent with Kearns'la finding that there is

complete depolarization of the phosphorescence of aromatic hydro-

carbons (including naphthalene) in ethyl iodide-EPA glasses at 77 K,

since, according to Kearns, complete depolarization requires a

completely random distribution of perturbers. Also, while Kearns14

observed multiexponential phosphorescence decay character from solutes

in heavy atom glasses, he observed single exponential decay for

naphthalene in crystals of polyhalobenzenes. Furthermore, Kearns14

observed that naphthalene was more perturbed in crystals of pr

dibromo- and'gymrtetrabomobenzene (T1) 3 33 msec), compounds which don't

form strong CT complexes with naphthalene, than it was in a strong

CT complex with tetrabromophthalic anhydride (Tp z 390 msec). While

the shorter naphthalene lifetime in the crystals is probably in part

due to the higher number of bromines around the naphthalene, the

comparison is sufficiently accurate to show that the presence

of lowblying CT states in the naphthalene-tetrabromophthalic anhydride

complex has not enhanced the magnitude of the external HAE relative

to external heavy atom perturbers which contain the same heavy

atoms but which do not form CT complexes.

Other arguments by McGlynn in favor of the mediation of CT

states in the external HAE are based on the similarities in (bf/d)p

arui Tp behavior for CT complexes to those produced by external heavy

atoms.61 For the gfl-trinitrobenzene complex of anthracene, for
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example, Tp decreases and ¢p increases relative to uncomplexed an-

thracene. Examples of a wide variety of CT complexes for which

Tp decreases by an order of magnitude are cited. It is also noted

that ¢pl¢f increases for some of these CT complexes which don't

contain any heavy atoms. Enhancement of So + T absorptivity due

to oxygen is also noted and mediation of CT complexes invoked.

While it may very well be true that CT states can enhance SO coupling

in a molecule, it cannot be concluded from this that the external

HAE also involves CT states. HAEs and effects produced by CT com-

plexation may be similar because they both promote S0 coupling, and,

therefore, lead to enhanced transition probabilities for spin-for-

bidden processes. However, the basis for SO coupling induced by a

heavy atom is the high nuclear charge of the heavy atom. While the

effect of this high nuclear charge must in some way be mediated to

the perturbed species, it is not at all clear that an interaction

as strong as a CT interaction need be invoked to accomplish the

mediation. While the external HAE certainly involves some distance

dependence,62 it is not known experimentally what this dependence

is. But n orbitals extend further than the van der Waals radius of

a molecule (theoretically, indefinitely), so an exchange mechanism

is reasonable. It cannot be assumed that because heavy atoms pro-

duce effects similar to those produced by other kinds of perturba-

tions that, therefore, the mechanism of the interaction is the

same in all cases. Oxygen is paramagnetic, and formation of a CT

complex has to be admitted to be a rather gross perturbation of a

cflrromophore. A whole new set of states is produced in a CT complex.
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These are evidenced by the appearance of broad characterless absorp-

63 Thus, this investigator finds it dif-tion and emission bonds.

ficult to accept McGlynn's arguments for mediation of the external

HAE by CT states based on the similarity of effects observed for

heavy atoms, paramagnetic species, and CT complexes.

Kearnslé attempted an investigation of the distance dependence

of the external HAE by making use of known crystal structure data.

He was not able to find any correlation between the distance of the

heavy atom to an arbitrary reference point and the effectiveness of

the crystal as a perturber. It was concluded that relative orienta-

tions must be important for the external HAE.

Berlman's42 work also suggests that relative orientations are

important for the external HAE. From measurements of ¢f in benzene

and in bromobenzene, it was found that phenyl substituents on

naphthalene and anthracene reduced the efficiency of quenching by

bromobenzene relative to the unsubstituted system. The reduced

efficiency was explained in terms of reduced perturbation of energy

transfer to bromobenzene (due to red shift induced by phenyl groups)

and in terms of steric hindrance of approach to the external heavy

atom due to steric hindrance by the noncoplanar phenyl groups. Also,

it was noted that planar aromatic hydrocarbons which are susceptible

to heavy atom quenching are also susceptible to concentration quench-

ing (anthracene) or excimer formation (naphthalene). The quenching

‘was interpreted as collisional in nature and the steric hindrance

as evidence that the collisional quenching was short range in nature

and involved a close encounter between the fl-system and the quencher.

‘The close encounter was viewed as involving overlap of a p orbital
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of the halogen with a H orbital of the chromophore. While the inter-

pretation of reduced quenching efficiency as partially due to steric

hindrance seems to be warranted, the more detailed analysis of the

data seems not to be warranted. As McGlynn13 has pointed out, the

external HAE does not require collisions, since his work has

demonstrated that the external HAE at room temperature (evidence

from increased SO + T absorptivity) is the same as the external

HAE in heavy atom glasses at 77 K (evidence from 1p) (EASE ingga).

Furthermore, no evidence beyond the steric inhibition of quenching

was advanced to warrant the analysis of the close encounter thought

to be necessary. The indications of steric inhibition do seem to

indicate that aromatic hydrocarbons are most susceptible to external

HAE in the vicinity of the n-face. The strength of the evidence

alone, however, would not preclude the possibility that aromatic

hydrocarbons are most susceptible to the external HAE in the nodal

plane. Investigation of the external HAE of ethyl bromide on naph-

thalene and crowns l, 2, and 3 will provide a means of systematically

blocking approach of an external heavy atom to the naphthalene chromo-

phore from a variety of directions.

Internal and external HAE have been compared in a variety of ways.

Based on the following experiments, it was concluded by McGlynn13

that they are similar, though judgment on the generality of the con-

clusion was reserved. Tp and phosphorescence spectra were determined

.for each of the Ohhalonaphthalenes (-F, -Cl, -Br, -I) in each of the

:following solvents: EPA, propyl chloride, propyl bromide, and propyl

iodide. The triplet decays were all non-single exponential, so
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"first half-lifes" were reported. It was found that (51 + 5E)2rp

was roughly constant within a range of 102. E1 is the SO coupling

parameter for the internal halogen and 5E is the SO coupling parameter

for the external halogen. It was noted, however, that there were

regular variations in (512 + EEZ)Tp' (SI + EE)2Tp increases as 5E

increases (51 constant) and (£1 + gE)21p decreases as SI increases

(5E constant). It was suggested that these variations might be

accounted for in terms of l) a larger effect of 5E on kp than kdt

(would explain increase in (£1 + EE)ZTp as 5E increases) and/or 2)

lack of constancy of overlap factors in the integral (¢0THSO¢OSP),

where ¢0T is the zeroth order triplet wavefunction, H50 is the SO

coupling Hamiltonian, and ¢08p is the zeroth order perturbing singlet

wavefunction. An alternative explanation is that k and/or kp

dt

are less susceptible to 5E than £1.

Increases in So + T absorptivity for the o-halonaphthalenes at

room temperature due to propyl iodide perturbation were also de-

termined.13 A remarkable parallel was found between the increases

in S0 + T1 absorptivity and the decreases in Tp due to propyl iodide

perturbation. In both cases, as 51 increases, the ratio of the

external to the internal effect decreases.

Based on the results of alkyl halide perturbation of the S + T

13

0

absorptivity of naphthalene, McGlynn also suggested that external

SO coupling will be greatest when the internal SO coupling is

greatest . Patterson19 tested this suggestion by determining the

irate constant for quenching (kq) of nine aromatic hydrocarbons by

cesium chloride in methanol. A log-log plot of kq 19; kisc showed
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a reasonably good linear correlation between increases in log kq

and log k (k provides a measure of the inherent S0 coupling
isc isc

between S and the triplet to which intersystem crossing occurs).
1

(Linear log-log plots of rate constants for spin-forbidden processes

!§_€2 for internal and external HAE have been reported.)64

The investigation reported herein will provide a somewhat dif-

ferent test for the ratio of external to internal perturbation as a

function of increasing gI. Perturbation of crowns l, 2, and 3

containing light and heavy cations by ethyl bromide was investigated.

Since complexed cations are really external perturbers, the investi-

gation is more appropriately described as a test of the effect of

an external perturber as a function of the SO perturbation already

present due to a complexed external perturber.

Internal and external HAE have been investigated spectroscopically

by Coulson and Cash.40 The phosphorescence and T1 absorption spectra

of naphthalene in p-dihalogenated benzene host crystals at 4.2 K

were determined and found to be composed of only totally symmetric

vibrational modes. The phosphorescence spectrum of naphthalene in

perdeutereonaphthalene is composed of non-totally symmetric as well

as totally symmetric modes. From the fact that only totally sym-

metric modes are enhanced by externally induced SO coupling, it is

concluded that the external HAE is purely electronic in nature.

The internal HAE, however, is shown to enhance the totally sym-

metric modes of the parent naphthalene and to vibronically enhance

out-of—plane halogen modes. This is viewed as being reasonable,

since out-of—plane modes probably enhance the totally symmetric modes
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of the parent naphthalene and to vibronically enhance out-of—plane

halogen modes. The out-of—plane modes for naphthalene are of only

moderate intensity. The same conclusion was reached by El-Sayed and

Pavlopoulous65 based on phosphorescence polarization measurements

on naphthalene and naphthalene derivatives at 77 K.



RESULTS66

Synthesis

2,3-Naphtho-20—crown-6 (I) and 1,8-naphtho-21-crown-6(Z) were synthe-

sized by room temperature reaction of the appropriate bis-(hydroxy-

methyl)-naphthalene and pentaethyleneglycol ditosylate in tetrahydro-

furan dimethylformamide (9:1) with potassium Efbutoxide used as

30“.
INCH — "

0H OMF

cw

base. Isolated yields of l and 2 following careful alumina chromatog-

raphy and crystallization from ether-pentane averaged 16% and 8%,

respectively. 1,5-Naphtho-22-crown-6 (3)'was synthesized by reaction

of l,Sfibig(bromomethyl)naphthalene with pentaethylene glycol in tetra-

hydrofuran with potassium tfbutoxide present as base.1 a was iso-

lated in 14% yield after careful alumina chromatography and repeated

recrystallization from ether-pentane and then cyclohexane. The 2,3-,

1,8-, and 1,512557(methoxymethyl)naphthalenes (4,‘6, and 8, respec-

tzively) were also prepared by a Williamson ether synthesis using the

laiérihydroxymethyl)naphthalenes and methyl iodide in the case of

40
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4 and,é and the his:(bromomethylnaphthalene and sodium.methoxide in

the case of 8.

The alkyl ammonium chloride salts were obtained by passing gas-

eous hydrochloric acid through an ethereal solution of the parent

amine. The iodo- and bromoalkylammonium Chloride salts were pre-

pared from the corresponding iodide and bromide salts via anion ex-

change. 3-Iodopropylamine hydrochloride was obtained from treatment

of 3-bromopr0pylamine hydrobromide with excess sodium iodide in

acetone at room temperature.

Ultraviolet Absorption Spectra

The following general comments apply to Figures 1 through 18.

The 77 K ultraviolet (UV) absorption spectra were recorded on samples

in either 95% ethanol-methanol (4:1, v/v) or ethanol-methanol (4:1,

v/v) uncracked glasses (methanol added to prevent cracking). For

spectra of crown complexes, sufficient salt (as determined from

quantum yield titrations, vide infra) is present to assure that

absorption is essentially from only complexed crown. The spectral

shapes and intensities of Figures 1 through 18 are reproducible with

a given tube and dewar (see Experimental), and the relative intensi-

ties at a given wavelength are meaningful, but the relative intensi-

ties at two different wavelengths are somewhat distorted from what

the true relative intensities would be, due to the use of annon-

identical reference sample (a nitrogen purged atmosphere was used

as the reference). Salt and substituent induced changes in the

energies and intensities of absorption peaks are evident and will
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Figure l. 77 K UV spectra of 2,3-disubstitutednaphthalenes in 95%

ethanol-methanol (4:1, v/v) glass. See figure legend.

Intensities are given in terms of relative absorbancies

(see text for explanation). Relative absorbancies for

shorter wavelength region are given by the scale on the

left; for longer wavelength region, by scale on the

right. Concentrations (at room temperature) were

4.00 x 10'“

M for shorter wavelength region (except for naphthalene,

1.00 x 10-4 M). The scales have been adjusted so that

M for longer wavelength region and 1.20 x 10'-4

the absorbancies, of both sections,after multiplication

if necessary by the factors given in the figure legend,

are those of a 8.00 x 10—5 E solution. Curve A, 2,3-

naphtho-ZO-crown-6 (1); curve B, 2,3fibi§f(methoxymethyl)

naphthalene (4); curve C, 2,3-dimethy1naphthalene (a);

curve D, naphthalene (lg).
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Figure 2.

44

77 K UV spectra of l,8—disubstitutednaphthalenes in 95%

ethanol-methanol (4:1, v/v) glass. Intensities are given

in terms of relative absorbancies (see text for explanation).

Relative absorbancies for shorter wavelength region are

given by the scale on the left; for longer wavelength

region, by the scale on the right. Concentrations (at

room temperature) were 4.00 x 10.4 M for longer wavelength

region and 8.00 x 10"5 M for shorter wavelength region

(except for naphthalene, 1.00 x 10"4 M). The scales

have been adjusted so that the absorbancies of both sec-

tions, after multiplication if necessary by the factors

given in the figure legend, are those of a 8.00 x 10"5

.M solution. Curve A, 1,8-naphtho-21—crown-6 (2); curve

B, 1,81§i§f(methoxymethyl)naphthalene (6); curve C,

1,8-dimethylnaphthalene (7); curve D, naphthalene (18).
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Figure 3.

46

77 K UV spectra of l,S-disubstitutednaphthalenes in

ethanol-methanol (4:1, v/v) glass. See figure legend.

Intensities are given in terms of relative absorbancies

(see text for explanation). Relative absorbancies for

shorter wavelength region are given by the scale on the

left; for the longer wavelength region, by the scale on

the right. Concentrations (at room temperature) were

2.00 x 10"4

6.00 x 10.5 M for the shorter wavelength region. The

M_for the longer wavelength region and

scales have been adjusted so that the absorbancies of

both sections are those of a 6.00 x 10'5‘M_solution.

Curve A, 1,5-naphtho-22-crown-6 (3); curve B, 1,5jbigf

(methoxymethyl)naphthalene (8); curve C, 1,5—dimethyl-

naphthalene (2); curve D, naphthalene (lg).
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Figure 4.

48

77 K UV spectra of 2,3—naphtho-20-crown-6 (I) alone and

with 5:1 added molar excesses of alkali metal chlorides

in 95% ethanol-methanol (4:1, v/v) glass. See figure

legend. Intensities are given in terms of relative

absorbancies (see text for explanation). Relative absorb-

ancies for shorter wavelength region are given by the

scale on the left; for longer wavelength region, by scale

on right. Crown concentrations (at room temperature)

were 4.00 x 10-4,M_for longer wavelength region and

1.20 x 10.4 M_for shorter wavelength region. The scales

have been adjusted so that the absorbancies of both sections

are those of a 1.20 x 10.4 M solution.
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Figure 5. 77 K.UV spectra of 1,8-naphtho—21-crown-6 (2) alone and

with 5:1 added molar excesses of alkali metal chlorides in

95% ethanol-methanol (4:1, v/v) glass. See figure legend.

Intensities are given in terms of relative absorbancies

(see text for explanation). Relative absorbancies for

shorter wavelength region are given by the scale on the

left; for longer wavelength region, by scale on right.

Crown concentrations (at room temperature) were 4.00 x 10-4

M for longer wavelength region and 8.00 x 10"5 M for

shorter wavelength region. The scales have been adjusted

so that the absorbancies of both sections are those of a

8.00 x 10"5 a solution.
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Figure 6.

52

77 K UV spectra of 1,5-naphtho-22-crawn-6 (3) alone and

with 5:1 added molar excesses of alkali metal chlorides in

95% ethanol-methanol (4:1, v/v) glass. See figure legend.

Intensities are given in terms of relative absorbancies

(see text for explanation). Relative absorbancies for

shorter wavelength region are given by the scale on the

left; for longer wavelength region, by scale on right.

Crown concentrations were 2.00 x 10-4 M for longer wave-

length region and 6.00 x 10-5

region. The scales have been adjusted so that the absor-

bancies of both sections are those of a 6.00 x 10.5 M

M for shorter wavelength

solution.
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Figure 7.

54

77 K UV spectra of 2,3-naphtho-20-crown-6 (I) alone and

with 5:1 added molar excess of ammonium and alkylammonium

chlorides in 95% ethanol-methanol (4:1, v/v) glass. See

figure legend. Intensities are given in terms of relative

absorbancies (see text for explanation). Relative ab-

sorbancies for shorter wavelength region are given by the

scale on the left; for longer wavelength region, by scale

on right. Crown concentrations (at room temperature)

were 4.00 x 10"4 M for the longer wavelength region and

1.20 x 10.4 M for the shorter wavelength region. The

scales have been adjusted so that the absorbancies of

both sections are those of a 1.20 x 10-4 M solution.
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Figure 8.

56

77 K UV spectra of 1,8-naphtho-21—crawn-6 (2) alone and

with 5:1 added molar excess of ammonium and alkylammonium

chlorides in 95% ethanolmethanol (4:1, v/v) glass. See

figure legend. Intensities are given in terms of relative

absorbancies (see text for explanation). Relative ab-

sorbancies for shorter wavelength region are given by

scale on left; for longer wavelength region, by scale on

right. Crown concentrations (at room temperature) were

4.00 x 10'4

8.00 x 10-5 M for the shorter wavelength region. The

M for the longer wavelength region and

scales have been adjusted so that the absorbancies of both

sections are those of a 8.00 x 10-5 M solution.
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Figure 9.

58

77 K UV spectra of 1,5-naphtho-22-crown-6 (3) alone and

with 100:1 molar excesses of ammonium and prrapylammonium

chlorides in ethanol-methanol (4:1, v/v) glass. See figure

legend. Intensities are given in terms of relative ab-

sorbancies (see text for explanation). Relative absor-

bancies for shorter wavelength region are given by the

scale on the left; for longer wavelength region, by scale

on right. Crown concentrations (at room temperature) were

1.00 x 10'“

lO-S‘M for the shorter wavelength region. The scales

M for the longer wavelength region and 5.00 x

have been adjusted so that the absorbancies of both sec-

tions are those of a 5.00 x 10-5 M solution.
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Figure 10.

60

77 K UV spectra of 2,3—naphtho-20-crown-6 (1) alone and

with 5:1 added molar excess of bromoalkylammonium chlorides

in 95% ethanol-methanol (4:1, v/v) glass and with 12.5:1

added molar excess of iadalkylammonium chlorides in ethanol-

methanol (4:1, v/v) glass. See figure legend. Intensities

are given in terms of relative absorbancies (see text for

explanation). Relative absorbancies for the shorter

wavelength region are given by the scale on the left;

for longer wavelength region, by scale on right. The

concentration (at room temperature) of crown was 4.00 x

10-4 M for the longer wavelength region and 8.00 x 10‘5 M

for the shorter wavelength region. The scales have been

adjusted so that the absorbancies of both sections are

those of 8.00 x 10.5 M solutions. Baselines: curve F,

B—iodaethylammonium chloride; curve C, y-iodopropylamr

monium chloride; curve H, 95% ethanol-methanol (4:1,

v/v) glass.
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Figure 11.

62

77 K UV spectra of 1,8-naphtho-21-crown-6 (2) alone and

with 5:1 added molar excess of bromoalkylammonium chlorides

in 95% ethanol-methanol (4:1, v/v) glass and with 12.5:1

added molar excess of iodoalkylammonium chlorides in

ethanol-methanol (4:1, v/v) glass. See figure legend.

Intensities are given in terms of relative absorbancies

(see text for explanation). Relative absorbancies for

the shorter wavelength region are given by the scale on

the left; for the longer wavelength region, by the scale

on the right. The concentration (at room temperature)

4

of crown was 4.00 x 10- ‘M for the longer wavelength

region and 8.00 x 10"5

region. The scales have been adjusted so that the ab-

5

M for the shorter wavelength

sorbancies of both sections are those of a 8.00 x 10‘

M solution. Baselines: curve F, B-iodoethylammonium

chloride; curve C, y-iodopropylammonium chloride; curve

H, 95% ethanol-methanol (4:1, v/v) glass.
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Figure 12.

64

77 K UV spectra of 1,5—naphtho-22-crown-6 (3) alone and

with 50:1 added molar excess of bromoalkylammonium and

iodoalkylammonium chlorides in ethanol-methanol (4:1,

v/v) glass. See figure legend. Intensities are given

in terms of relative absorbancies (see text for explana-

tion). Relative absorbancies for the shorter wavelength

region are given by the scale on the left; for the longer

wavelength region, by the scale on the right. The con-

centration (at room temperature) of crown was 1.00 x 10-4

M for the longer wavelength region and 5.00 x 10-4 M

for the shorter wavelength region. The scales have been

adjusted so that the absorbancies of both sections are

those of a 5.00 x 10-5 M solution. Baselines: curve F,

2.50 x 10"3

2.50 x 10-3IM’Y-iodopropylammonium chloride; curve H,

M B-iodoethylammonium chloride; curve C,

ethanol-methanol (4:1, v/v) glass.
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Figure 13.

66

77 K UV spectra of 2,3-naphtho-20-crown—6 (1) alone and

with 5:1 added molar excess of cesium chloride in 95%

ethanol-methanol (4:1, v/v) glass and with 12:1 added

molar excess of barium bromide in ethanol-methanol (4:1,

v/v) glass. See figure legend. Intensities are given

in terms of relative absorbancies (see text for explana-

tion). Relative absorbancies for the shorter wavelength

region are given by the scale on the left; for the longer

wavelength region, by the scale on the right. Crown

concentrations (at room temperature) were 4.00 x 10-4

M for the longer wavelength region and 8.00 x 10"5 M

for the shorter wavelength region. The scales have been

adjusted so that the absorbancies of both sections are

those of a 8.00 x 10.5 M solution.
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Figure 14.

68

77 K UV spectra of 1,8-naphtho-21-crown-6 (2) alone

and with 5:1 added molar excess of cesium chloride in

95% ethanol-methanol (4:1, v/v) glass and with 12:1 added

molar excess of barium bromide in ethanol-methanol (4:1,

v/v) glass. See figure legend. Intensities are given

in terms of relative absorbancies (see text for explana-

tion). Relative absorbancies for the shorter wavelength

region are given by the scale on the left; for the longer

wavelength region by the scale on the right. Crown con-

centrations (at room.temperature) were 4.00 x 10"4 M

for the longer wavelength region and 8.00 x 10'5 M

for the shorter wavelength region. The scales have been

adjusted so that the absorbancies of both sections are

those of a 8.00 x 10-5 M solution.
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Figure 15.

70

77 K UV spectra of 1,5-naphtho-22-crown—6 (3) alone and

with 5:1 added molar excess of cesium chloride in 95%

ethanol-methanol (4:1, v/v) glass and with 50:1 added

molar excess of barium bromide in ethanol-methanol (4:1,

v/v) glass. See figure legend. Intensities are given

in terms of relative absorbancies (see text for explana-

tion). Relative absorbancies for the shorter wavelength

region are given by the scale on the left; for the longer

wavelength region by the scale on the right. Crown con-

centrations (at room temperature) were 4.00 x 10.4 M

for the longer wavelength region and 8.00 x 10-5 M

for the shorter wavelength region. The scales have been

adjusted so that the absorbancies of both sections are

those of a 8.00 x 10.5 M solution.
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Figure 16.

72

77 K UV spectra of 2,3-naphtho—20-crown—6 (1) alone and

with 50:1 added molar excess of silver triflate in ethanol-

methanol (4:1, v/v) glass. See figure legend. Intensities

are given in terms of relative absorbancies (see text for

explanation). Relative absorbancies for the shorter wave-

length region are given by the scale on the left; for the

longer wavelength region by the scale on the right.

Crown concentrations (at room temperature) were 4.00

x 10.4 M for the longer wavelength region and 8.00 x 10-5

M far the shorter wavelength region. The scales have

been adjusted so that the absorbancies of both sections

5
are those of a 8.00 x 10- M solution.
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Figure 17.

74

77 K UV spectra of 1,8-naphtho-21-crown-6 (2) alone and

with 50:1 added molar excess of silver triflate in

ethanol-methanol (4:1, v/v) glass. See figure legend.

Intensities are given in terms of relative absorbancies

(see text for explanation). Relative absorbancies for

the shorter wavelength region are given by the scale on

the left; for the longer wavelength region by the scale

on the right. Crown concentrations (at room temperature)

were 4.00 x 10"-4

8.00 x 10”5 M for the shorter wavelength region. The

MLfor the longer wavelength region and

scales have been adjusted so that the absorbancies of

both sections are those of 8.00 x:lO-5‘M_solution.



2
4
5  ”I
O

~
0
8

BDNVBBOSBV BALLV'BH

0
.
4

0
.
2

 
1

2
4
5

2
5
5

2
6
5

2
7
5

2
8
5

p

n
o
n
e

.
.
.
—
.
.
.
.
.
.

A
9
0
5
0
2
C
F
3
-
.
.
.
.
-

E
I
O
H
/
M
e
O
H
=
4
/
l

(
v
/
v
)
 

i '
I I I I I

I I I I I I I I I I I I I I I

o
I

. I I I I I I I I I I I I I I I I I I I

I

 
 

 
 

2
9
5

3
0
5

3
|
0

3
2
0

M
n
m
)

A

F
i
g
u
r
e

1
7

0
.
2
0
-

O
.
l
5

-
-

75

Q
I
O
‘

0
5
‘  330



Figure 18.

76

77 K UV spectra of 1,5-naphtho-22-crown-6 (3) alone and

with 200:1 added molar excess of silver triflate in

ethanol-methanol (4:1, v/v) glass. See figure legend.

Intensities are given in terms of relative absorbancies

(see text for explanation). Relative absorbancies for

the shorter wavelength region are given by the scale on

the left; for the longer wavelength region by the scale

on the right. Crown concentrations at room temperature

were 1.00 x 10"4

5.00 x 10.5 M for the shorter wavelength region. The

M for the longer wavelength region and

scales have been adjusted so that the absorbancies of

bath sections are those of a 5.00 x 10'5 M solution.
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78

be qualitatively noted. Precise energies will be given below in the

results section on energy shifts. The lowest energy peak (longest

wavelength) which is apparent will be referred to as the "0-0

band". Discussion of whether or not these are true 0-0 bands will

be given later. The lower energy absorption band (from approxi-

67
mately 330 to 300 nm) will be referred to as the "8 band". Here

1

"band" is used to refer to a whole series of peaks belonging to the

same electronic level. The 31 band, for instance, is comprised of

transitions from the ground state to various levels of the first

electronically excited singlet. The higher energy absorption band

(from approximately 240 to 300 nm) will be referred to as the "$2

band". Absorption bands higher in energy than the S2 band were not

easily experimentally accessible due to significant absorption

by the alcoholic solvent below 240 nm.

Figures 1, 2, and 3 show, respectively, the 77 K UV spectra for

2,3-, 1,8-, and 1,5-disubstituted naphthalenes and naphthalene itself.

The substituents in each case are methyl, methaxymethyl, and crown-

methyl. The solvent is 95% ethanol-methanol glass (4:1, v/v) for

the 2,3- and 1,8- derivatives and ethanol-methanol glass (4:1, v/v)

for the 1,5- derivatives. The absorbancies shown (after correction

by the multiplicative factors given in the figures in some cases)

are those of 8.00 x 10-5 M (at room temperature) solutions. For

ethanol-methanol (4:1, v/v) glass the contraction factor is 0.802

(Volume at 77QK/volume at 293010.69

For the 2,3- disubstituted naphthalenes, the S2 bands of the

derivatives are quite similar to naphthalene in fine structure,
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energies, and intensities, but the S bands of the derivatives appear

l

to be quite dissimilar relative to naphthalene. For both bands,

however, note that the crown and methoxymethyl derivatives have very

similar fine structure and energies. The 0-0 bands are all red

shifted relative to naphthalene. The shifts are of similar magni-

tude, but largest for the crown and smallest for the dimethyl deriva-

tive. For the 32 bands of these derivatives, the entire band is red

shifted for the 2,3-dimethyl derivative, whereas the entire band is

blue shifted for the crown and methaxymethyl derivatives. The situa-

tion is not quite so simple for the 81 bands, however, since all of

the derivatives have less fine structure than naphthalene.

As is seen for the 2,3—derivatives, the 1,8-crawn and methaxy-

methyl derivatives have absorption spectra which are similar in

intensity, fine structure, and energy (Figure 2). The 82 bands of

the 1,8-derivatives have fine structure which is similar to that of

naphthalene but all these bands are considerably red shifted rela-

1)tive to naphthalene (by about 1000 cm. . As is seen for the 2,3-

derivatives, the S bands of the 1,8-derivatives show much less fine

1

structure than does naphthalene. The 0-0 bands are all red shifted,

but the 0-0 band of the 1,8-dimethyl derivative is red shifted most,

whereas the crown was red shifted most for the 2,3-derivatives.

The red shift of the 82 hand is also largest for the 1,8-dimethyl

derivative.

Comparison of the 77 K UV spectra of the 1,5- and 1,8-disub-

stituted naphthalenes shows that they are quite similar in most

respects: fine structure, energy shifts, and, for the 82 hand,
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relative intensities.

The following differences for the S1 region are noted by com-

parison of Figures 2 and 3. The S1 band of the 1,8-dimethy1 deriva-

tive is about three times more intense than for the 1,5-dimethyl

derivative. The 1,5-dimethyl derivative has a peak at 303.8,

whereas there is only a shoulder in this region for the 1,8-deriva-

tive. The 1,5-crown and methoxymethyl derivatives absorb approxi-

mately two times more intensely in the S region than do the correspond-
1

ing 1,8-derivatives. These differences aside, the two sets of ab-

sorption spectra are quite similar.

Figures 4, 5, and 6 show, respectively, the effects of 5:1

molar excesses of alkali metal chloride salts on the 77 K UV absorp-

tion spectra of crowns l, 2, and 3. The absorption spectra of the

complexes are very much like those of the parent crown in many

respects.

For crown l, the complexes and free crown have similar fine struc-

ture, energies, and intensities. The S1 bands of the complexes,

however, have three small peaks not observed for the free crown. The

0-0 band and whole spectrum of each complex are slightly blue shifted

relative to free crown.

For crown g, the 82 bands of the complexes and of free crown g,

as for crown l, are very similar in fine structure, intensity, and

energy (complexes are slightly red shifted relative to free crown).

For the potassium, rubidium, and cesium chloride complexes, there

is some broadening of the 82 band in the 305 nm region. Thus, the

peaks at approximately 308 nm for crown % and for its sodium complex
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in the S1 region, appear only as shoulders for the other complexes

(see note in results section on quantum yield titrations for sodium

complex of crown g)' This difference aside, the 81 bands of free

crown,% and of its complexes are quite similar. The 0-0 bands and

whole 81 band of each complex are slightly red shifted relative to

free crown.

For crown 2’ the $2 and 51 bands of complexes and free crown

shown in Figure 6 have very similar fine structure and the 0-0

band and whole spectrum of each complex are slightly blue shifted

relative to free crown. Both the S2 and S bands of the complexes

1

are relatively more intense than those of the free crown. For the

$2 band, all peaks of a given complex are increased in intensity

by about the same amount relative to free crown. The increase is

largest for the sodium and potassium complexes and smallest for the

cesium complex. For the s1 band, the intensities of various peaks

are affected differently for different complexes.

Many of the comments made above concerning changes in fine struc-

ture and the direction of energy shifts for complexes of crowns 1,

z, and 3 relative to the respective free crowns are also true for

other complexes of these crowns which were investigated: alkyl and

haloalkylammonium chlorides, barium bromide, and silver triflate

complexes. In relating the results for the 77 K UV spectra of these

other complexes, only differences between the results for the alkali

metal chloride complexes will be noted.

Figures 7 and 8 show the effects of 5:1 molar excesses of ammonium

and alkylammonium chloride salts on the 77 K UV absorption spectra
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of crownsll and,2 in 95% ethanol-methanol (4:1, v/v) glass. The

effects of 100:1 molar excesses of ammonium and grpropylammonium

chlorides on the 77 K UV absorption spectrum of crown.%, in ethanol—

methanol glass (4:1, v/v), are shown in Figure 9.

For the alkylammonium complexes of crownll, the energy shifts

are all small blue shifts, as is typical for complexes of this crown,

except for the Brpropylammonium complex, for which the whole 82

band is significantly red shifted (by approximately 500 cm-l). Also,

an extra peak appears for this complex in the 280 nm region, although

the dip is small enough that it may be due to curvature in the base-

line. The alkylammonium complexes of crown % require no special com-

ments. The ammonium and Erpropyl complexes of crown.% have absorption

spectra which are practically identical to that of free crown. Note,

however, that the 0-0 band is slightly red shifted for the My

propyl complex but slightly blue shifted for the ammonium chloride

complex. The alkali metal chloride complexes were slightly blue

shifted. In contrast to the alkali metal complexes of crown 3,

these complexes show very little change in absorption intensity

relative to the free crown.

The effects of excess bromoalkyl and iodoalkylammonium chloride

salts on the 77 K UV absorption spectra of crowns‘l (S to 12.5-fold

molar excess of salt), 4% (5 to 12.5-fold molar excess of salt), and

,3 (SO-fold molar excesses of salt) are shown in Figures 10, 11, and

12, respectively. The spectra for the bromoalkylammonium complexes

of crowns l and ,2 are from 95% ethanol-methanol glass (4:1, v/v).

fmhe remainder of spectra in these figures are from ethanol-methanol
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glass (4:1, v/v). Absorption due to excess iodoalkylammonium chloride

salts becomes appreciable at wavelengths shorter than 280 nm. Base-

lines corresponding to the amount of excess salt present are shown

in the figures. While absorption by excesses of these salts obscure

the higher energy portion of the 82 bands, the spectra as presented

are sufficiently undistorted by this extra absorption for most of

the S2 band so that accurate comparison to absorption by free crown

and other complexes can be made.

For crown l, the entire S2 band of both y-halopropylammonium

complexes is significantly red shifted relative to free crown (ap-

proximately 500 cmfl), as is also the case for the pypropylammonium

complex. The haloalkylammonium complexes of crown 2 give spectra

and energy shifts similar to those of the alkali metal cation com-

plexes. For crown a, note that the complexes and free crown have

very similar absorbancies, which is in contrast to the differences

seen for the alkali metal chloride complexes.

Figures l3, l4 and 15 show, respectively, the effects of excess

cesium chloride and barium bromide on the 77 K UV absorption spectra

of crowns l (S-fold molar excess cesium chloride, lZ-fold molar

excess barium bromide), % (5-fold molar excess cesium chloride, 12-

fold excess barium bromide), and a (5-fold molar excess cesium chloride,

50-fold molar excess barium bromide). These spectra require no further

comments beyond those made for the alkali metal chloride complexes,

except to note that 50th the 31 and 82 bands of the barium complex

of crown‘é are more similar in energy and intensity to free crown

than are those of the cesium complex.



84

The effects of excess silver triflate on the 77 K UV absorption

spectra of crowns 1 (50:1 molar excess), 2 (50:1 molar excess), and

a (200:1 molar excess) in ethanol-methanol glass (4:1, v/v) are shown

in Figures 16, 17, and 18, respectively. These spectra require no

further comment except for the spectrum of the silver complex of

crown 3. This is the only complex of this crown for which the 82

l l
and 81 bands are significantly red shifted (-150 cm? and ’50 cm. .

respectively). All other complexes are slightly blue shifted rela-

tive to free crown 3, except for the Efpropylammonium chloride complex,

which is slightly red shifted.

At room temperature, with concentrations similar to those of

Figures 1 and 2 added alkali metal chlorides do not appreciably

change the UV spectra of crowns l and g. The intensities change

by less than 5% and energy shifts are not discernible. It should be

noted, however, that the extent of complexation of crowns‘l and 2

under the given conditions (2.00 x 10-4 M crown, 5:1 molar excess

of salt) is not known precisely but is estimated to be approximately

60 to 80%. For crown 3, however, added alkali metal salts do change

the room temperature absorption spectra relative to free crown.

The shapes remain the same, but the intensities of both the S1 and

$2 absorption bands are increased by approximately the same factor

in each case as for the 77 K spectrum. Also, the order of the

intensity increases at room temperature are the same as for the $2

band of the low temperature spectra (KCl 2: NaCl > RbCl > CsCl). The

intensity of the S3 absorption band for room temperature spectra is

also increased by added alkali metal chloride salts by approximately
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502 in each case (1.20 x 10"6 M crown with 5-fold molar excess of salt

present). The room temperature complexation constants for crown %

with alkali metal chlorides must be large (106), since the absorbance

5 to 1.20 x 10.6 is only a few percentafter dilution from 6.00 x 10-

less than it would be assuming no increase in dissociation upon

dilution.

Low Temperature (77 K) Fluorescence and Phosphorescence Spectra

The following general comments apply to Figures 19 through 54.

All spectra are from solutions in uncracked 95% ethanol and are

corrected. The spectra were recorded with instrument settings ap-

propriate for obtaining maximum resolution, but the excitation band

passes were too broad to allow the resolved spectra to also accurately

indicate relative quantum yields. Furthermore, differences in ab-

sorption are not taken into account. Thus, the relative intensities

of two different curves are only approximately correct. They do,

however, in most cases, qualitatively indicate the trend of the cor-

responding relative quantum yields. More importantly, they indicate

the presence or absence of changes in spectral shapes and energies.

The term "0-0 band" will be used to refer to the highest energy

(lowest wavelength) band observed in a spectrum (see Discussion

section). In the case of spectra of crown complexes, sufficient

salt is present in each case to ensure that the emission is essentially

chae only to complexed crown. The amount of excess salt required

was determined from quantum yield titrations (vide infra). The
 

nualar (room.temperature) concentrations of naphthalene and naphthalene
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Fluorescence of 2,3’Disubsliiuled Naphthalenes

 

A = -R-= CH2lOCH2CH2)50C ——

 

Figure 19.
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Corrected fluorescence spectra of 1.00 x 10-4 M 2,3-

disubstituted naphthalenes (2, 3-Naphtho-20-Crown-6

(1), Curve A; 2 ,3—Bis-(methoxymethy1)naphthalene (4),

Curve B; 2 ,3-dimethylnaphthalene ( ), Curve C, and”

naphthalene (lg), Curve D) in ncracked 95% ethanol

glass at 77 K.
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Figure 20. Corrected phosphorescence spectra of 1.00 x 10'-4

! 2,3—disubstitutednaphthalenes (2,3-naphtho-20-crown-

6 Cl), curve A; 2,3j§$§f(methoxymethyl)naphthalene QQ)’

curve B; 2,3-dimethylnaphthalene cé)’ curve C; and

naphthalene (*8) curve D) in uncracked 95% ethanol.
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Fluorescence of 1,8- Disubstituted Naphthalenes
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Figure 21. Corrected fluorescence spectra of 1,8-disubstitutednaph-

thalenes (1,8—naphtho-21—crown-6 (2), curve A; 1,8-§1§f

(methoxymethyl)naphthalene (é), curve B; 1,8—d1methy1naph-

thalene ( ), curve C; and naphthalene (lg), curve D) in un-

cracked 9 Z ethanol at 77 K. Curve D should be multiplied

by 3.0.
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Phosphorescence of 1,8- Disubstituted Naphthalenes
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Fluorescence of I5-Disubsri1uted Naphthalenes
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Figure 23. Corrected fluorescence spectra of 1,5-disubstituted-

naphthalenes (1,5-naphtho-22-crown-6 ), curve A;

1,512igf(methoxymethyl)naphthalene (8) curve B; 1,5-

dimethylnaphthalene , curve C; and naphthalene (*8),

curve D) in uncracke 95% ethanol glass at 77 K.
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Phosphorescence of Ib-Disubstiruted Naphthalenes
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Figure 24.
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Corrected phosphorescence spectra of 1,5-disubstituted-

naphthalenes (1,5-naphtho-22-crown-6 (A), curve A;

1,51§ig(methoxymethyl)naphthalene (8), curve B; 1,5-

dimethylnaphthalene (2): curve C; and naphthalene (*2),

curve D) in uncracked 95% ethanol glass at 77 K.
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Perturbed Fluorescence of 2,3-Noph-20-Cr-6
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Figure 25. Corrected fluorescence spectra of 2.00 x 10.4 M

2,3-naphtho-20-crown-6 ( ) alone and with 5:1 Eblar

excess of alkali metal chlorides added in uncracked 95%

ethanol glass at 77 K.
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Perturbed Phosphorescence of 2,3-Noph-20-Cr-6
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Figure 26. Corrected phosphorescence spectra of 2.00 x 10'4 M

  

2,3—naphtho-20-crown—6 (1) alone and with 5:1 molar

excess of added alkali metal chlorides in uncracked 95%

ethanol glass at 77 K.
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Perturbed Fluorescence of l,8-Noph—21-Cr-b
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Figure 27. Corrected fluorescence Spectra of 2.00 x 10_4 g 1,8-

naphtho—Zl-crown-6 (2) alone and with 5:1 molar excess

of added alkali metal chlorides in uncracked 95% ethanol

glass at 77 K.
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Perlurbed Phosphorescence of l,8-Noph’21-Cr"6
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Figure 28. Corrected phosphorescence spectra of 2.00 x 10-4 g 1,8-

naphtha-21-crown—6 ( ) alone and with 5:1 molar excess

of added alkali meta chlorides in uncracked 95% ethanol

glass at 77 K.
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Perturbed Fluorescence of LES-Naphtho-ZZ-Crown-G
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Corrected fluorescence spectra of 1.00 x 10'4 5 1,5-

naphtho-22-crown-6 (3) alone and with 5:1 molar excess

of added alkali metal chlorides in uncracked 95% ethanol

glass at 77 K.
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Penurbed Phosphorescence of I,5-Noph1ho-22-CrOWn-6
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Figure 30. Corrected phosphorescence spectra of 1.00 x 10-4 fl

1,5-naphtho-22-crown-6 CQ) alone and with 5:1 molar

excess of added alkali metal chlorides in uncracked

95% ethanol glass at 77 K.
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Fluorescence of 2,3-Nophlho-20-Crown-6
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Corrected fluorescence spectra of 2.00 x 10“4 11 2,3-

naphtho-ZO-crown-é ( ) alone and with 5:1 molar excess

of added ammonium an alkylammonium chlorides in un-

cracked 952 ethanol glass at 77 K.
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Figure 32. Corrected phosphorescence spectra of 2.00 x 10-4 g

2,3-naphtho-20-crown-6 (l) alone and with 5:1 molar

excess of added ammonium and alkylammonium chlorides in

uncracked 95% ethanol glass at 77 K.
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Figure 33. Corrected fluorescence spectra of 2.00 x 10-4 M 1,8-

naphtho-21—crown96 ) alone and with 5:1 molar excess

of added ammonium an alkylammonium chlorides in un-

cracked 951 ethanol glass at 77 K.
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Figure 34. Corrected phosphorescence of 2.00 x 10-4 M l , 8-naphtho-

21-crown-6 (2) alone and with 5:1 molar excess of added

ammonium and alkylammonium chlorides in uncracked 95%

ethanol glass at 77 K.
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Figure 35. Corrected fluorescence spectra of 1.00 x 10-4'M.l,5-

naphtho-ZZ-crown-6 (3) alone and with 50:1 and 10:1

added molar excesses of ammonium and nfpropylammonium

chlorides, respectively, in uncracked 95% ethanol glass

at 77 K.
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Figure 36. Corrected phosphorescence spectra of 1.00 x 10-4 M

1,5-naphtho-22-crown-6 (3) alone and with 50:1 and 10:1
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at 77 K.
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Corrected fluorescence spectra of 2,3-naphtho-20-crown-6

(4.) alone and with 5:1 added molar excess of bromoalkyl-

ammonium chlorides (2.00x10’4 31 crown) and 20:1 added

molar excess of iodoalkylammonium chlorides (1.00x10’4 fl

crown) in uncracked 95% ethanol glass at 77 K.
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Figure 38. Corrected phosphorescence spectra of 2,3-naphtho-20-

crown-6 ( ) alone and 5:1 molar excess of bromoalkylam-

monium ch orides (2.00x10'4 M crown) and 20:1 molar

excess of iodoalkylammonium chlorides (1.00x10'4 M

crown) in uncracked 95% ethanol glass at 77 K.
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Corrected fluorescence spectra of 1,8-naphtho-21-crown-

6 (2) alone and with 5:1 added molar excess of bromoalkyl-

ammonium chlorides (2.00x10‘4 M crown) and with 20:1

added molar excess of iodoalkylammonium chlorides (1.00x

10‘4 11 crown) inpuncracked 95% ethanol glass at 77 K.
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Figure 40.

 

Corrected phosphorescence spectra of l,8-naphtho-21-

crown-6 ) alone and with 5:1 added molar excess of

bromoalky ammonium chlorides (2.00x10’4 M crown) and

‘with 20:1 added molar excess of iodoalkylammonium chlorides

(1.00x10‘4 M crown) in 95% ethanol glass at 77 K.
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Corrected fluorescence spectra of 1.00 x 10-4.M_l,5-

naphtha-22-crown-6 (3) alone and with 20:1 added molar

excess of bromo- and iodoalkylammonium chlorides in un-

cracked 952 ethanol glass at 77 K.
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Figure 42. Corrected phosphorescence spectra of 1.00x10-4 M

1,5-naphtho-22-crown—6 ) alone and with 20:1 added

molar excess of bromo- and iodoalkylammonium chlorides

in uncracked 95% ethanol glass at 77 K.
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Figure 43.

 
Corrected fluorescence spectra of 2,3-naphtho-20-crown-

6 ( ) alone and with 5:1 added molar excess of cesium

chloride (2.00x10'4 91 crown) and 10:1 added molar excess

of barium bromide (1.00x10'4‘§_crown) in uncracked 95%

ethanol glass at 77 K.
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Figure 44. Corrected phosphorescence spectra of 2,3—naphtho-20—

crown-6 ( ) alone and with 5:1 added molar excess of

cesium ch oride (2.00 x 10'4 31 crown) and 10:1 added

molar excess of barium bromide (1.00 x 10"4 ! crown) in

uncracked 95% ethanol glass at 77 K.
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Figure 45. Corrected fluorescence spectra of 1,8-naphtho-21-crown-

6 ( ) alone and with 5:1 added molar excess of cesium

chloride (2.00x10‘4 E crown) and 10:1 added molar excess

of barium bromide (1.00x10'4 g crown) in uncracked 952

ethanol glass at 77 K.
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Corrected phosphorescence spectra of 1,8-naphtho-21-

crown-6 ( ) alone and with 5:1 added molar excess of

cesium ch oride (2.00x10‘4 y crown and 10:1 added molar

excess of barium bromide (1.00x10' fl crown) in uncracked

95% ethanol glass at 77 K.
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Figure 47. Corrected fluorescence spectra of 1,5-naphtho-22-crown-

6 ( ) alone and with 5:1 added molar excess of cesium

chloride (2.00x10'4 5 crown) and 50:1 added molar excess

of barium bromide (1.00x10‘4 )1 crown) in uncracked 951

ethanol glass at 77 K.
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Figure 48. Corrected phosphorescence spectra of 1,5-naphtho-22-

crown-6 ) alone and with 5:1 added molar excess of

cesium ch oride (2.00x10‘4 g crown) and 50:1 added molar

excess of barium bromide (1.00x10‘41§_crown) in uncracked

952 ethanol glass at 77 K.
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Figure 49. Corrected fluorescence spectra of 1.00x10'4 1!. 2,3-

naphtho-ZO-crown-6 ) alone and with 50:1 added molar

excess of silver tri late in uncracked 95% ethanol

glass at 77 K.
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Figure 50. Corrected phosphorescence spectra of 1.00x10'4 fl;

2,3-naphtho-20-crown-6 ( ) alone and with 50:1 added

molar excess of silver triflate in uncracked 95% ethanol

glass at 77 K.



119

Perturbed Fluorescence of l,8-Nophtho-2l-Crown-6

F

r

I

I

I

©©

P

t n none ——""

'. " Ag 0 SOZCF3 ——-- — 

.

’
-
-
-
-
‘
-
—
"
’
-

‘
-

  
 

I

BIO 350 400

Mnm) -—--'-

Figure 51. Corrected fluorescence spectra of 1.00x10-4 g 1,8-

naphtho-Zl—crown-G ( ) alone and with 50:1 added molar

excess of silver tri late in uncracked 952 ethanol

at 77 K.
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Figure 52. Corrected phosphorescence spectra of 1.00x10m4 !

) alone and with 50:1 added1,8-naphtho-21-crown-6 (%

molar excess of silver triflate in uncracked 95% ethanol

glass at 77 K.
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Figure 53. Corrected fluorescence spectra of 1.00x10-4 _I_I_ 1,5-

naphtho-22-crown-6 ( ) alone and with 200:1 added molar

excess of silver tri late in uncracked 95% ethanol glass

at 77 K.
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Figure 54. Corrected phosphorescence spectra of 1.00x10-4 M

1,5-naphtho-22-crown-6 CI) alone and with 200:1—added

molar excess of silver triflate in uncracked 95%

ethanol glass at 77 K.
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4 M. The molar concentrations of crowns

4

derivatives were 1.00 x 10-

in the cases with added salts were either 2.00 x 10—

10.4 M. Solvent blanks gave essentially flat baselines under similar

:!_or 1.00 x

conditions.

Figures 19, 21, and 23 show the low temperature (77 K) fluores-

cence spectra for naphthalene disubstituted at the 2,3—, 1,8-, and

1,5-positions, respectively. In each case, substituents are methyl,

methoxymethyl, and crown-methyl (naphthalene spectra are also included

for comparison). The analogous set of phosphorescence spectra are

shown in Figures 20, 22, and 24.

For the fluorescence spectra of the 2,3—disubstituted naphthalenes

note that the spectra for the crown and for the methoxymethyl sub-

stituted naphthalenes are quite similar, with the latter being

somewhat less intense. The fluorescence of 2,3-dimethylnaphthalene

exhibits fine structure that is significantly more pronounced than

that of the crown or of the methoxymethyl derivatives but includes

all the peaks seen for methoxymethyl and crown substitution. The

spectra are all red shifted compared to naphthalene by similar but

slightly different amounts. Precise substituent and complexation

induced energy shifts will be presented below and discussed later.

The phosphorescence spectrum of 2,3-dimethylnaphthalene is quite

similar to that of naphthalene. As is also the case for the fluores-

cence spectra, the crown and methoxymethyl derivatives exhibit less

pronounced fine structure. This is especially true for the crown,

the highest energy band of which appears as a broad rounded hump.

By comparison, naphthalene and its methyl and methoxymethyl
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derivatives have two peaks in this region. The spectra are all

blue shifted relative to naphthalene. The "0-0 band" for the 2,3-

crown will receive special discussion later.

For the fluorescence spectra of the l,8-disubstituted naphthalenes,

note that, as for the 2,3—series, the spectra for the crown and for

the methoxymethyl substituted naphthalenes are quite similar both in

intensity and in energy. As is also the case for 2,3-dimethyl-

naphthalene, l,8-dimethylnaphthalene exhibits fine structure which

is significantly more pronounced than for the crown or methoxy-

methyl derivatives. The spectra are all red shifted relative to

naphthalene, as for the 2,3-series, but the red shift is much larger

for dimethyl substitution in the l,8- series.

The phosphorescence spectra of the l,8-disubstituted naphthalenes

are all very naphthalene-like. They are all red shifted compared to

naphthalene. The dimethyl derivative, as for the fluorescence

spectrum, is red shifted much more than the crown or dimethyl

derivatives. Also, as with the 2,3- series, the crown and methoxy-

methyl derivatives have similar intensities and energies.

Considering the fluorescence spectra of the 1,5-disubstituted

naphthalenes, the crown and methoxymethyl derivatives have fine

structure and energies which are quite similar, as is also the case

for the analogous 2,3- and 1,8- derivatives. The fluorescence

quantum yields for the 1,5-crown and methoxymethyl derivatives are

more similar than the relative spectral intensities shown would

indicate (vide infra). As is also the case for 2,3- and l,8-dimethyl-

naphthalene, the fluorescence of 1,5-dimethy1naphtha1ene exhibits
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fine structure which is more pronounced but otherwise similar to

that of the crown or methoxymethyl derivatives. The fluorescence

spectra of the 1,5-derivatives are all red shifted relative to

naphthalene, as is also the case for the 2,3— and l,8-derivatives.

The red shift is much larger for 1,5-dimethyl substitution as is

also the case for the 1,8-series.

The phosphorescence spectra of all the 1,5-derivatives are

remarkably naphthalene like, which is also the case for the 1,8-

and, to a lesser extent, for the 2,3- derivatives (zidg'ggpgg).

The 1,5-crown and methoxymethyl derivatives have fine structure and

energies which are quite similar, though the fine structure of the

methoxymethyl derivative is slightly less pronounced than that of

the crown. The 1,5-dimethy1 derivative has somewhat more pronounced

fine structure and is red shifted (relative to naphthalene) much

more than the 1,5-crown and methoxymethyl derivatives. A much larger

red shift is also seen for l,8-dimethylnaphthalene. The relative

phosphorescence intensities shown for the 1,5-derivatives are in the

right relative order, but the cruves for naphthalene and 1,5-dimethyl-

naphthalene should be about three times less intense than shown.

Figures 25, 27, and 29 show, respectively, the effects of S-fold

molar excesses of alkali metal chloride salts on the fluorescence

spectra of crowns l, g, and Q' The analogous set of phosphorescence

spectra are presented in Figures 26, 28, and 30. The molar concen-

4 4
tration of crown is 2.00 x 10- g for crowns '1’, and ,2, and 1.00 x 10-

y. for crown g.

The fluorescence spectra for the alkali metal cation complexes
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of crown l are all decreased in intensity relative to free crown,

the decrease being smallest for the sodium complex and largest for

the cesium complex. The spectra of these complexes are similar to

each other but somewhat different from that of the free crown.

A comparison of Figure 25 to Figures 31, 37, 43, and 49 will show

that all other complexing species investigated have fine structure

which is similar to that of the alkali metal cation complexes. The

0-0 fluorescence bands of the alkali metal complexes are slightly

blue shifted relative to free crown. Inspection of Figures 31, 37,

43, and 49 or reference to the results section on energy shifts will

show that all of the other complexes of this crown which were in-

vestigated also have 0—0 fluorescence bands which are slightly blue

shifted relative to free crown %. Some bands in the spectra of these

complexes are red shifted relative to what appear to be the cor-

responding bands of the free crown, however, and one cannot say that

the entire spectrum of a given complex is blue shifted.

The phosphorescence spectra of the alkali metal cation complexes

of crown % (Figure 26) are all increased in intensity relative to

free crown, the increase being largest for cesium and smallest for

sodium. The gross structures of the phosphorescence spectra of

these complexes are similar to that of the free crown, but the com-

plexes have somewhat different fine structure. The high energy band

for the crown is a broad, rounded hump (as noted above), whereas

there are two peaks in this region for each of the alkali metal

complexes (two peaks are also seen for naphthalene, naphthalene

derivatives 4 and a, and, as will be pointed out in further detail
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below, for other naphthalene derivatives and salt-crown complexes).

The relative intensities of these two peaks change in going from

the sodium complex to the cesium complex. For the sodium complex,

the higher energy peak is more intense than the lower energy peak,

whereas, for the cesium complex, the higher energy peak is less

intense. The 0-0 phosphorescence band and the entire spectrum of

each of these complexes are blue shifted relative to free crown 1.

Comparison of Figure 26 to Figures 38, 42, and 48 or reference to the

results section on energy shifts will show that all other complexes

of this crown which were investigated also have 0-0 phosphorescence

bands which are blue shifted relative to free crown 1. Also, it is

generally true that entire phosphorescence spectrum of each complex

is blue shifted relative to free crown l. (Curves C, D, and E of

Figure 42 are exceptions.)

For crown 2, the potassium, rubidium, and cesium complexes have

fluorescence spectra which all have similar fine structure but which

appear to be somewhat different from free crown. There is a general

muddling of fine structure and an increase in fluorescence intensity

for these complexes. A comparison of Figure 27 to Figures 33, 39,

45, and 51 will show that most of the complexes investigated show a

similar muddling of fine structure and increased fluorescence intensity

relative to free crown. Note that crown 2 and the related methoxy-

methyl derivative 3 also exhibit less well defined fine structure

than either naphthalene or l,8—dimethylnaphtha1ene (See Figure 21).

The spectrum of the sodium complex of crown %9 however, is similar

to that of free crown. But see the note on complexation of crown z
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with sodium in the results section on quantum yield titrations. The

0-0 fluorescence bands of these complexes are slightly red shifted

relative to those of free crown 2. Comparison of Figure 27 to

Figures 33, 39, 45, and 51 or reference to the results section on

energy shifts will show that all other complexes of crown % which

were investigated also have 0-0 fluorescence bands which are red

shifted relative to free crown. Though the fine structure of the

fluorescence spectra of these complexes is muddled, there appears

to be a general red shift of the entire spectrum of each complex

relative to free crown 2. Note that this general red shift contrasts

with the general blue shift of at least the 0-0 band for complexes

of crown l.

The phosphorescence spectra of the alkali metal complexes of crown

% show decreased intensities relative to free crown. As is the case

for the fluorescence spectra, the fine structure of the complexes

is less pronounced than that of the free crown, though the difference

is qualitatively less than the difference between the fluorescence

spectra of the complexes and free crown. The high energy region is

most affected by complexation with alkali metal cations. The crown

itself has two reasonably well defined peaks in this region (at

approximately 475 and 487 nm) which become less well defined for

the potassium, rubidium, and cesium complexes. This is the converse

of what is observed in the phosphorescence spectra of the alkali

metal cation complexes of crown ’1’: the high energy region for

crown l (a broad, rounded hump) is less well defined than the

high energy region of its complexes (two peaks are evident; see



129

Figure 26). Thus, the fine structure of the phosphorescence spectra

of alkali metal cation complexes of crowns l and 2 end up having a

fine structure pattern which is more similar than that for the crowns

themselves.

The 0-0 phosphorescence band and the whole spectrum of each alkali

metal chloride complex of crown 2 are all red shifted relative to the

free crown. Inspection of Figures 28, 34, 40, 46, and 52 or ref-

erence to the results section on energy shifts will show that the

same is true of all investigated complexes of crown'%.

Note that the phosphorescence spectrum of the sodium complex of

crown'% is very similar in intensity and energy to that of free

crown. This is also the case for the fluorescence spectra (Kid;

.1222)-

The fluorescence spectra for the alkali metal cation complexes

of crown'% are all decreased in intensity relative to the free

crown, the decrease being about the same for the sodium and potas—

sium complexes, greater for the rubidium complex, and very much

greater for the cesium complex. See Figure 47 for an expanded fluores-

cence spectrum of the cesium complex. The phosphorescence spectra

are decreased in intensity for the sodium and potassium complexes,

about the same for the rubidium complex, and increased for the cesium

complex, relative to free crownte. In contrast to crowns l and g,

the alkali metal cation complexes of crown % have fine structure

'which is very similar to that of the free crown. Also, energy

shifts of the spectra of the complexes relative to free crown are

sufficiently small so as not to be evident from the figures.
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(See results section on energy shifts.) Comparison of Figures 29

and 30 to Figures 35, 36, 41, 42, 47, 48, 53 and 54 will show that

all of the complexes of crown,3 investigated have fluorescence and

phosphorescence spectra which have fine structure which is very

similar to those of the free crown. Also, in general, energy shifts

relative to free crown a are small.

The effects of excess alkylammonium chloride salts (ammonium,

Infpropyl,‘ifpropyl, and tybutyl) on the fluorescence spectra of

crowns l (S-fold molar excesses of salts), 2 (S-fold molar excesses

of salts) and 3 (100:1 molar excess of ammonium chloride, 20-fold

molar excess of Erpropylammonium chloride) are given, respectively,

in Figures 31, 33, and 35. The corresponding set of phosphorescence

spectra are given in Figures 32, 34, and 36.

The fluorescence spectra of the alkylammonium chloride complexes

of crown 1 all are decreased in intensity relative to free crown.

The decrease is largest for nfpropyl and smallest for tfbutyl.

Note that the fluorescence spectra of these complexes fit the gen-

eralizations about fine structure and energy shifts made for com-

plexes of crown.l in relating the results for the alkali metal

chloride complexes.

The phosphorescence spectra of the alkylammonium complexes of

crown 1 are all of higher intensity than the free crown, with the 27

propylammonium complex showing the largest increase. The fine

structure of the phosphorescence spectra of these complexes is

similar to that observed for the alkali metal cation complexes

(See Figure 26). The difference in relative intensities for the
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two highest energy peaks (at approximately 463 and 472 nm) is much

larger than for the alkali metal cation complexes, but otherwise

the fine structure is quite similar. The 0-0 phosphorescence

bands of these complexes are all blue shifted relative to free crown

%. Also, the whole spectrum of a complex is blue shifted except

for the nfpropyl complex, which has many bands-which are red

shifted.

The fluorescence spectra of the ammonium, nfpropylammonium,

'ifpropylammonium, and tfbutylammonium complexes of crown % are all

increased in intensity relative to free crown. This contrasts with

the decrease seen for complexes of crown l. The increase is largest

for the nfpropyl complex and smallest for the tfbutyl complex. Note

that the fluorescence spectra of these complexes fit the generaliza-

tions made above for the alkali metal cation complexes of crown %.

The phosphorescence spectra of the alkylammonium complexes of

crown 2 are all decreased in intensity relative to free crown. This

contrasts with the increases seen for complexes of crown‘l. The

decrease is greatest for the grpropyl complex and smallest for the

tfbutyl complex. All these complexes show fine structure in their

phosphorescence spectra which is similar to that of free crown 2

and which is similar to that of the alkali metal complexes of

crown % (See Figure 28).

The fluorescence spectra of the ammonium and‘nfpropylammonium

chloride complexes of crown % are only slightly diminished in intensity

relative to free crown. The fine structure of the fluorescence

spectra of these complexes is essentially the same as that of the
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free crown. Small but discernible spectral energy shifts are ob-

served for these complexes relative to free crown. The 0-0 band

and whole spectrum of the ammonium complex are blue shifted slightly

relative to free crown, as is the case for the alkali metal cation

complexes of crown 3. The 0-0 band and whole spectrum of the £7

propylammonium chloride complex, however, are slightly red shifted.

The converse is true for the phosphorescence spectra of these com—

plexes: the 0-0 band and whole spectrum of the ammonium complex

are slightly red shifted (as is the case for the alkali metal cation

complexes), whereas the 0-0 band and whole spectrum is slightly blue

shifted for the gfpropylammonium chloride complex. The differences

in spectral shapes and intensities of the phosphorescence spectra

of these complexes are very small.

The effects of excess bromoalkyl and iodoalkylammonium chloride

salts on the fluorescence spectra of crowns l (5-fold molar excesses

of bromoalkyl and 20:1 molar excesses of iodoalkylammonium chloride

salts), 2 (S-fold molar excesses of bromoalkyl and 20-fold molar

excesses of iodoalkylammonium chloride salts), and‘e (20—fold molar

excesses of bromoalkyl and iodoalkylammonium chloride salts) are

shown, respectively, in Figures 37, 39, and 41. For crowns l and 2,

the bromoalkyl work used 2.00 x 10-4.§_crown and the ammonium

chloride work which was done later, used 1.00 x 10'4 g crown. The

crown reference spectra were of approximately the same arbitrary

intensity in both cases, however, so the comparison of the relative

emission intensities of the bromoalkylammonium chloride complexes

to those of the iodoalkylammonium chloride complexes is qualitatively
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correct. The corresponding set of phosphorescence spectra are shown

in Figures 38, 40, and 42.

The fluorescence spectra of the B-bromo- and B-iodoethylammonium

and y-bromo- and y-iodopropylammonium chloride complexes of crown

l are all decreased in intensity relative to free crown. In each

case, the decrease is larger for the y-halopropylammonium complex

than for the B-bromoethylammonium complex, with the largest decrease

being for the -iodopropylammonium complex. The fluorescence spectra

of these complexes of crown.l look remarkably like the fluorescence

spectra for other complexes of this crown which are reported here

(Figures 25, 31, 43, and 49). The 0-0 band of each of these come

plexes is somewhat blue shifted relative to free crown. The shift

is smallest for the y-bromoammonium complex and larger by approxi-

mately the same amount for the other complexes. The whole fluores-

cence spectrum of each of these other complexes is blue shifted

relative to the fluorescence spectrum of the y-bromoammonium complex.

For other complexes of crown 1 it is not possible to tell whether

or not the whole fluorescence spectrum follows the blue shift of the

0-0 band, since the spectral shapes are all similar and the magnitudes

of the 0-0 band shifts are all similar.

The phosphorescence spectra of the haloalkylammonium chloride

complexes of crown‘l are all increased in intensity relative to free

crown. In each case, the increase is larger for the y-halopropyl

than for the y-haloethylammonium complex. At first sight, the fine

structure of the phosphorescence spectra of these complexes appears

to be much different than that of the other complexes of crown l
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referred to previously. However, comparison to Figures 20, 26, and

32, for example, suggests that the prominent peak at approximately

495 nm for the B—bromoethyl 480 nm for the Y-bromopropyl, 487 nm

for the B-iodoethyl, and the shoulder at 480 nm for the y-iodopropyl-

ammonium chloride complexes may correspond to the less prominent

peaks or shoulders in this region of the other phosphorescence

spectra. With this in mind, the high energy sections of the phos-

phorescence spectra of these complexes may be considered to be

similar to those of other complexes of both crowns I and %. As in

the phosphorescence spectra of other complexes of crowns % and %,

there is a marked change in the relative intensity of the two highest

energy peaks. In these cases, the peaks in the 470 to 475 region

are of about equal intensity for the y-bromo, B-iodo, and y-iodo-

alkylammonium complexes, but the intensity of the 0-0 bands change.

The 0-0 bands are least intense for the Y-halopropylammonium complexes,

the 0-0 band for the y-iodo being less intense than that for the

y-bromopropylammonium complex. The 0-0 bands for the B-haloethyl-

ammonium complexes are more intense than for the y-analogs, the 0-0

band for the B-iodo complex again being less intense than for the

B—bromo complex. All the phosphorescence 0-0 bands of these com-

plexes of crown l are blue shifted relative to the free crown, as

is also the case for other complexes of this crown (vide supra).

The bands in the 510, 550, and 600 nm region for the y-halopropyl

and B—iodoethylammonium complexes, however, are all red shifted rela-

tive to free crown. The bands at approximately 540 and 585 nm for

the B-bromoethylammonium complex, however, are blue shifted. The
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relative intensities and energies of bands in the phosphorescence

spectrum of the B-bromo complex are qualitatively different from

those of the other haloalkylamonium complexes of crown l.

The fluorescence spectra of the haloalkylammonium chloride com-

plexes of crown'% are all increased in intensity relative to free

crown. The increase is largest for the Y-halopropylammonium com—

plexes. The fluorescence spectra of these complexes have the same

muddled fine structure as other complexes of crown %, as was pre-

viously noted to be the case in general. Also, note that the red

shifts of the 0-0 bands and the general red shift of the whole spec-

trum of each complex relative to free crown % fits the generaliza-

tion made previously.

The phosphorescence spectra of the haloalkylammonium chloride

complexes of crown % are all decreased in intensity relative to free

crown, the decrease being greatest for the y-iodopropyl complex and

smallest for the B-iodopropylammonium complex. In contrast to the

differences seen for the phosphorescence spectra of the haloalkyl-

ammonium complexes of crown l compared to other complexes of crown

&, the phosphorescence spectra of the haloalkylammonium complexes

of crown‘% are quite similar to other complexes of crown'%. Again,

the changes in relative intensities of various bands are largest

for the two highest energy bands. The 0-0 band and whole spectrum

of each of these complexes of crownlg are red shifted, in accord

with the generalization made previously.

For crown‘e, the fluorescence spectra of the haloalkylammonium

chloride complexes are all decreased in intensity, the decrease
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being much larger for the iodo than for the bromoalkylammonium com-

plexes. The fluorescence spectra of these complexes all have essen~

tially the same fine structure as for the free crown and spectral

energy shifts are small. This is in keeping with the previously

made generalizations for complexes of crown % (vide supra). Howh

ever, as is also the case for theinfpropylammonium complex, there is

a discernible red shift of the 0-0 band and of the whole spectrum

for the y-bromo and y-iodoammonium complexes relative to crown 3.

And, as is also the case for the ammonium chloride complex, there

is a blue shift for the B-bromo and B-iodoammonium chloride com-

plexes relative to free crown.

The phosphorescence spectra of the haloalkylammonium chloride

complexes of crown g are all approximately of the same intensity as

the free crown, except for the spectrum of the B-bromopropyl complex,

which is approximately twice as intense. In contrast to the fluores-

cence spectral energies, the phosphorescence spectral energies are

essentially unchanged. Also, there are only small changes in fine

structure for the complexes relative to free crown 3.

Figures 43, 45, and 47 compare, respectively, the effects of

cesium chloride and barium bromide on the fluorescence of crowns

1 (5:1 molar excess cesium chloride, 10:1 molar excess barium bromide),

1% (5:1 molar excess cesium chloride, 10:1 molar excess barium bro-

nude), and a (5:1 molar excess cesium chloride, 50:1 molar excess

barium bromide. The corresponding set of phorphorescence spectra

are found in Figures 44, 46, and 48. For crowns l and g, the

crown concentration was 2.00 x 10”4 y for the cesium chloride work
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and 1.00 x 10-4 g for the barium bromide work. For crown ,3, the

4 M. The spectra for the cesiumcrown concentration was 1.00 x 10-

complexes are also given elsewhere (Figures 25 through 30).

The barium bromide and cesium chloride complexes of crown %

both have much lower fluorescence intensities than the free crown.

The relative fluorescence intensities of the barium and cesium com-

plexes as shown in Figure 43 are significantly more different than

their relative quantum yields, which are essentially the same (vide

infra). This is primarily due to the different absorbancies of the

complexes in the region in which they were excited. Note that the

fine structure of the fluorescence spectra of these complexes is

essentially the same. Spectral energy shifts are not easily discerned

from Figure 43, but see the results section on energy shifts for

precise values. The phosphorescence quantum yields for these two

complexes are also essentially the same, a conclusion one would not

arrive at from the relative phosphorescence intensities shown in

Figure 44. The 0-0 bands and the whole spectrum of both complexes

are blue shifted relative to free crown and the spectra of the com-

plexes have fine structure which is very similar.

As in the case of the barium bromide and cesium chloride complexes

of crown l, the fluorescence and phosphorescence quantum yields of

the barium and cesium complex of crown.% are more similar (approxi-

‘mately the same, vide infra) than the relative spectral intensities

‘would indicate. The fluorescence spectra of these two complexes

‘have the same muddled appearance as do other complexes of this

crown. Also, as for other complexes of this crown, the 0-0 band
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and whole spectrum of each complex are red shifted relative to free

crown. The phosphorescence spectra of these complexes are also very

similar, although the whole spectrum of the cesium complex is red

shifted further than is the barium complex relative to free crown

%.

Whereas the intensities of the fluorescence and phosphorescence

spectra of the barium bromide and cesium chloride complexes of crowns

l and‘% are similar, the barium and cesium complexes of crown g are

greatly different (the fluorescence spectrum of the cesium complex

is approximately 50 times less intense than that of the barium com-

plex; and the phosphorescence spectrum of the cesium complex is ap-

proximately twice as intense as that of the barium complex). As is

usual for this crown, both fluorescence and phosphorescence fine

structures and spectral energies are similar for both the complexes

and the free crown.

Figures 49, 51, and 53 show, respectively, the effects of silver

triflate on the fluorescence of crowns l (SO-fold molar excess of

salt),‘g (SO-fold molar excess of salt), and a (lOO-fold molar excess

of salt). The corresponding set of phosphorescence spectra are

found in Figures 50, 52, and 54.

The fluorescence intensities of the silver triflate complexes

of crowns l, g, and a relative to free crown are as follows: some-

what less intense for the complex of crown l; of approximately equal

intensity for the complex of crown %; but of greatly decreased in-

tensity for the complex of crown‘e (decrease is similar to that for

the cesium complex of crown %)° And the phosphorescence intensities
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relative to free crown: moderate increase for complex of crown 1;

small decrease for complex of crown $3 and very large increase for

complex of crown a (a much larger increase than for cesium complex

of crown %)- The fluorescence 0-0 bands of the silver triflate com-

plexes of crowns l, a, and g are shifted as follows relative to free

crown: blue shift for comples of crown 1; red shift for complex of

crown %; and negligible blue shift for complex of crown 3, and the

phosphorescence 0-0 bands relative to free crown: blue shift for

complex of crown.l; red shift for complex of crown g; and negligible

blue shift for complex of crown a. The complexes of crowns l and

% show changes in the fine structure of their fluorescence and phos-

phorescence spectra relative to free crown which are similar to

changes seen for other complexes of crowns l and £° As with other

complexes of crown a, the fine structure of the spectra of the silver

complex is essentially the same as that of free crown %.

Spectroscopic Energies

In the two preceding sections on absorption and emission spectra,

qualitative comments concerning the direction and size of spectral

energy shifts for naphthalene derivatives relative to naphthalene

and crown complexes relative to parent free crown were made. Tables

1 through 7 gather together precise values (in cm-l) for frequencies

of the 0-0 bands of absorption (S1 and $2) and emission (fluores-

cence and phosphorescence) for naphthalene (10), naphthalene deriva-

tives (compounds 4 through 2), crowns I, z, and 3’ and complexes

«of these crowns. Also, values for energy differences (AE, in cmfl)
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between the 0~0 bands of naphthalene and those of naphthalene

derivatives and between the 0~0 bands of crowns and those of their

complexes are given. These differences are given for S2 0~0 ab-

sorption bands (A(Es2 ~ 50)), 0-0 fluorescence bands (A(ES1 ~ 30),

and 0-0 phosphorescence bands (A(ET1 ~ so)). Differences in the

singlet-triplet energy gap (ES1 ~ Tl) between naphthalene and naph-

thalene derivatives and between crowns and their complexes are also

given. These differences (A(Esl ~ T1)) indicate whether the singlet-

triplet gap gets larger or smaller for derivatives of naphthalene

relative to naphthalene or for complexes of crowns relative to free

crowns. A positive number indicates that the energy separation

increases.

See the general introductory comments made in the results section

on UV spectra for definitions of the terms "band", "0-0 band",

"81", and "82". Here we use the term "0-0 band" to refer to the

lowest energy (longest wavelength) peak in the $2 band. The table

headings also give the Platt68 notations for the S1 and 82 bands:

"La", for the $2 band; and "Lb", for the S band. Discussion of

1

whether or not the values given are for true 0-0 bands and special

discussion of the 0~0 phosphorescence band for crown.1 will be given

later.

Table 1 gives the errors appropriate to each kind of frequency

measurement and, also, errors appropriate to the changes in energy

separations derived from them. While most of the absorption data

are from 95% ethanol-methanol (4:1, v/v) glass, some of the later

<iata are from ethanol-methanol (4:1, v/v) glass. There is no
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significant difference for absorption frequencies for naphthalene or

for the crowns in these slightly different glasses. Thus, all of

the absorption data should be comparable. As noted in the tables,

all emission data is from 95% ethanol glass. Sample concentrations

are the same as those for the corresponding absorption and emission

spectra and can be found in the results sections describing these

spectra.

Fluorescence and Phosphorescence Quantum Yields at 77 K

The following general comments apply to all reported quantum

yields. All quantum yields are from determinations made in uncracked

95% ethanol glass at 77 K and were determined by the relative

method.69 The 77 K UV absorption spectra reported in Figures 1

through 18 were the basis for selecting appropriate excitation wave~

lengths at which to make quantum yield comparisons, and the relative

extinction coefficients from these spectra were used to either adjust

concentrations before making the quantum yield comparison or to

correct the apparent relative quantum yields. The experimental

section should be consulted for a fuller accounting of procedures

used for quantum yield determinations.

Four types of quantum yield experiments were carried out. The

first involved determination of quantum yields of naphthalene deriva-

tives, compounds 1 through 2, relative to naphthalene (18), which is

the standard to which all reported quantum yields are ultimately

referred. The fluorescence (¢f) and phosphorescence (¢p) quantum

yields of naphthalene were set (somewhat arbitrarily) at 0.3 and
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0.03, respectively, after Ermolaev.70 The quantum yields reported

for naphthalene derivatives in Table 8 are the result in most cases

of determinations made at three different excitation wavelengths.

See the experimental section for excitation wavelengths and the

number of determinations made at each wavelength. The values given

in Table 8 are not overall averages of all determinations but aver-

ages of the average values obtained at different excitation wave-

lengths. The standard deviation, in relative terms, for these

averages range from about 2% to 10%. Even for the less precise

cases, the precision is good considering the numerous factors affect-

ing the values obtained (monochromaticity of exciting light and

errors in the relative extinction coefficients obtained from 77 K

UV spectra, for example). Thus, the precision of these quantum

yield values which are the result of determinations made using several

different excitation wavelengths is probably also a good indication

of the accuracy of these values relative to the quantum yield values

set for naphthalene.

The second type of measurement involved determination of the

integrated fluorescence or phosphorescence intensity for a given

crown as a function of the concentration of added salt. These ex-

periments establish the molar excess of salt required for essentially

complete complexation, indicate the stoichiometry of the complexes,

and allow estimates of complexation constants. These are not true

quantum yield experiments in that they do not meet the requirement

that the two systems compared absorb the same amount of light at the

wavelength at which they are excited or that the difference in relative
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absorption be correctable. This is because the comparisons are

between a mixture (free crown and complexed crown) and a single

compound (free crown) and because the free crown and complexed

crown, in general, do not have identical absorption spectra.

Furthermore, care was not taken as to the precise excitation wave—

length used, and somewhat larger excitation bandpasses were used

to reduce the emission noise level. In fact, in some cases, an

excitation wavelength which took advantage of differences in ab-

sorption spectra was used. Provided, however, that the optical

densities of the solutions compared are sufficiently low, the ob~

served integrated intensities can be reexpressed as a linear combina-

tion of the quantum yields of free and of complexed crown (see

experimental).

Integrated emission intensity titrations (reexpressed in terms

of quantum yields of free and complexed crowns) were performed for

the alkali metal chloride complexes of crowns 1, 2, and e. The

results are presented graphically in Figures 55 through 61. Re-

sults from titrations monitored by following both fluorescence and

phosphorescence integrated intensities are given to illustrate, for

example, the difference in quantum yield behavior for crowns 1 and

2. For crown 1, ¢f is decreased by alkali metal ion complexation,

whereas, for crown 2, ¢f is increased. In contrast, ¢p is increased

by alkali metal ion complexation, for crown 1, whereas, for crown

2, ¢p is decreased. Figure 59 graphically points out the very large

decrease in ¢f due to complexation of crown 3 by cesium cation as

compared to the relatively small decreases due to sodium or potassium
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Perturbed 2,3-N0ph-20-0r-6 4>
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Figure 55. Titration of 2.00x10-4 y 2,3—naphtho-20-crown-6 ( )

with alkali metal chlorides in 95% ethanol at 77

followed by monitoring integrated fluorescence intensity.
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Perturbed 2,3- Noph- 20-cr-6 ¢ph05.
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Figure 56. Titration of 2.00x10“4 g 2,3—naphtho-20-crown-6 ( )

with alkali metal chlorides in 95% ethanol at 77

followed by monitoring integrated phosphorescence

intensity.
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Penurbed 1.8-Noph- 21' cr-6 4’fluor.
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Figure 57. Titration of 2.00x10-4'§_l,8~naphtho-21-crown-6 (z)

with alkali metal chlorides in 95% ethanol at 77 K

followed by monitoring integrated fluorescence intensity.
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Perturbed l,8- N<JF>11"21"<3"’6 4’phos.
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Figure 58. Titration of 2.00x10-4 g 1,8-naphtho-21-crown—6 ( )

with alkali metal chlorides in 95% ethanol at 77

followed by monitoring integrated phosphorescence

intensity.
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followed by monitoring integrated fluorescence in~
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or even due to complexation of rubidium. The relatively sharp

breaks at the 1:1 salt to crown ratio are .important features of

these figures (which are not due to reexpression of the integrated

intensities in terms of quantum yields). These sharp breaks indicate

the formation of 1:1 complexes with high (>10S complexation constants.

The apparent degree of decrease (or increase) of the quantum yields

of complexed crown relative to free crown is meaningful in Figures

55 through 59 only because the data have been reexpressed in terms

of carefully determined quantum yields of completely free and com-

pletely complexed crown. For example, the decreases in ¢f for the

alkali metal complexes of crown 1 relative to free crown 1 shown

in Figure 55 are less dramatic than the decreases in the correspond-

ing integrated fluorescence intensities. This is because the com-

plexes all absorb less strongly than free crown in the region in

which they were excited (approximately 306 nm).

The remainder of the titration data is presented in tabular form.

Since, as remarked previously, the main purpose of these titrations

is to establish the molar excess of salt required to achieve essen-

tially complete complexation of the crown, it is only necessary that

either the fluorescence or phosphorescence intensity be monitored as

a function of added salt, whichever happens to be experimentally

easier to do.

For the ammonium, alkylammonium, and bromoalkylammonium com-

plexes of crowns‘l and.%, sufficiently accurate integrated intensi~

ties are not available (see the experimental section for the variety

of ways integrated intensities were obtained). For these complexes,
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relative peak intensities (complex intensity/free crown intensity)

are tabulated. ‘See Tables 9, 10, 12, and 13. The data are somewhat

more scant than for other cases (relative intensities are only

available for 1:2, 1:1, and 5:1 salt to crown ratios), but in most

cases the relative peak intensities are approximately the same for

the 1:1 and for the 5:1 salt to crown ratio. In a few cases (ng;,

ammonium chloride complex of crownll), there is a somewhat larger

difference. But, at the crown concentration used (2.00 x 10-4 34),

even if there were 20% dissociation for the 1:1 point, there would

be only 2% dissociation at the 5:1 point. The tabulated relative

peak intensities are referred to as "arbitrary relative peak intensi-

ties" in the tables because they depend not only upon the excita~

tion wavelength and band passes used but also on which peaks are

compared.

Table 11 gives relative integrated emission intensities for

crown % as a function of the mole ratio of ammonium and nfprOpy1~

ammonium chlorides to free crown. Tables 12, 13, and 14 give rela-

tive integrated emission intensities for crowns 1,42, and‘e as a

function of the mole ratio of iodoalkylammonium chlorides to free

crown. Table 14 also gives relative integrated emission intensities

for crown 3 as a function of the mole ratio of bromoalkylammonium

chlorides to free crown. Tables 15, 16, and 17 give relative

integrated emission intensities for crowns 1, 2, and g as a function

of mole ratio of barium bromide (not for crown 2) and silver tri-

flate to free crown. The integrated intensities reported in these

tables have been made proportional to the quantum yield of free
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Table 11.

163

Titration of 1,5-Naphtho-22-Crown-6 ) with Ammonium

and n~Propy1ammonium Chlorides in Uncracked 95% Ethanol

Class at 77 K Followed by Monitoring Relative Integrated

Fluorescence Intensities.

 

 

 

Salt/l,5~Cr—6 (3)3 NH4CI ‘27PrNH3Cl

None 0.114 0.114

5/1 0.102 t .002 (3)b 0.090 t .002 (2)

10/1 0.097 t .001 (3) 0.089 t .005 (2)

20/1 0.089 t .002 (Q) 0.091 t .003 (2)

50/1 0.089 1 .002 (Q) -----

100/1 0.091 t .003 (a) ----

 

 

a -

Molar crown concentration (room temperature) is 1.00 x 10 4;M.

b

The error given is in terms of the standard deviation. The number

in parentheses is the number of comparisons made.
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Table 15.

167

Titration of 2,3—Naphtho-20-Crown-6 (1) with Barium

Bromide and Silver Triflate in Uncracked 95% Ethanol

Class at 77 K Followed by Monitoring Relative Integrated

Fluorescence Intensities.

 

 

8a1t/2,3-0r-6(1)a

Arbitrary Relative Intensity

 

BaBr AgOSOZCF

 

2 3

None 0.26 0.26

1/2 0.119 t .004 (2)b ----

1/1 0.063 t .001 (2) 0.253 t .001 (2)

2.5/1 0.064 1 .006 (2) —-—-

5/1 0.065 t .002 (2) 0.217 t .001 (2)

10/1 0.065 t .003 (2) 0.180 1 .002 (2)

20/1 ---- 0.165 t .003 (2)

50/1 ---- 0.165 t .003 (2)

100/1 ---- 0.164 t .001 (2)

 

 

aMolar crown concentration (at room temperature) at 1.00 x 10-4 M,

bError is given in terms of the standard deviation. The number in

parentheses is the number of determinations made.



168

Table 16. Titration of l,8~Naphtho—21-Crown-6 (2) With Silver Tri-

flate in Uncracked 95% Ethanol Class at 77 K Followed by

Monitoring Relative Integrated Phosphorescence Intensity.

 

 

 

 

 

AgOSOZCF3/1,8~Cr~6 (2)a Arbitrary Relative Intensity

None 0.076

1/2 0.0748 1 .0005 (2)b

l/l 0.0748 1 .0002 (2)

2.5/l 0.0742 1 .0006 (2)

5/1 0.0710 1 .001 (6)

10/1 0.0675 1 .002 (12)

20/1 0.0681 1 .003 (12)

50/1 0.0660 1 .008 (8)

aMolar crown concentration (room temperature) is 1.00 x 10-4 M.

bThe error is given in terms of the standard deviation. The number

in parentheses is the number of comparisons made.



Table 17.

169

Titration of l,5~Naphtho-22-Crown-6

and Silver Triflate in Uncracked 95%

) with Barium Bromide

thanol Class at 77 K

Followed by Monitoring Relative Integrated Emission In~

tensities.

 

 

Salt/l,5~Cr-6 (3)3
Arbitrary Relative Intensity

 

 

BaBr2 AgOSOzCF3

None 0.114 (Fluor.) 0.16 (Phos.)

1/2 0.115 t .003 (3)b 0.152 1 .004 (2)

1/1 0.110 t .003 (3) 0.177 i .008 (2)

2/1 0.108 t .003 (2) ----

5/1 0.104 t .001 (2) 0.38 i .01 (2)

10/1 0.0944 1 .005 (2) 0.64 i .03 (2)

25/1 0.0837 1 .0002 (2) 0.86 1 .03 (2)

50/1 0.0837 i .0002 (2) 1.02 i .04 (3)

100/1 0.0846 5 .0003 (2) 1.02 i .06 (3)

200/1 ---- 1.02 i .03 (3)

 

 

aMolar crown concentration (room temperature) is 1.00 x 10-4 fl,

bThe error is given in terms of the standard deviation.

in parentheses is the number of comparisons made.

The number
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crown but have not been modified in any other way. As tabulated,

they provide information on the extent of complexation as a function

of added salt. They are referred to as "arbitrary relative inte-

grated intensities" in the tables because they depend upon the choice

of experimental conditions (excitation wavelength and width of band-

pass).

The errors given in Tables 9 through 17 are standard deviations.

The number of values averaged in each case is given in parentheses

after the error.

There are several special cases in which changes in both fluores-

cence and phosphorescence intensities are too small to be reliable

indicators of the extent of complexation. In two cases, the extent

of complexation was established through competition experiments:

a crown/salt mixture which has a quantum yield greatly different

from that of the crown alone is titrated with the species which

does not cause a very large change in intensity. Relative equilibrium

constants can be calculated (see experimental section), thus allow-

ing one to calculate how much salt would be necessary for complete

complexation in the absence of competition, provided that there is

an independent estimate for one of the equilibrium constants avail-

able.

The results of a competition study between sodium chloride and

crown 2/rubidium chloride are given in Table 18. The integrated

intensities are expressed relative to that of rubidium chloride/

crown 2 - 2/1, formal crown concentration at 1.00 x 10-4 M, The

results from systems containing 100:2:1 and 50:2:1 mole ratios of
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Table 18. Competition for 1.00 x 10-4 M l,8~Naphtho-21-Crown-6 (2)

in Uncracked 95% Ethanol Class at 77 K by Sodium and

Rubidium Chlorides Followed by Monitoring Arbitrary

Relative Integrated Intensity.

 

 

 

Arbitrary Rel. Equil.

Rel. Integrated Constant

System Intensity KRb+/KNa+

RbCl/2 = 2/1 1.00

l,8~Cr-6 (2) 0.47

NaCl/2 = lOO/l 0.49 i .04 (3)

NaCl/RbCl/je - 100/2/1 0.71 i .05 (3) 50

NaCl/RbC1/2 8 50/2/1 0.8 i .1 (2) 60

NaCl/RbCl/2 8 10/2/1 0.96 i .04 (2) 100

 

 

8Errors are given in terms of the standard deviation. The number

in parentheses after the error is the number of determinations.
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sodium chloride to rubidium chloride to crown 2 show that rubidium

complexes 50 to 60 times better with crown 2 than does sodium. The

results from the 10:2:1 case are less reliable due to the small dif-

ference in intensity between it and the rubidium chloride/crown %

standard.

The initial experiments on the sodium complex of crown 2 were

only done using a five-fold excess of sodium chloride (2.00 x 10.4 M

crown). The above results indicate that this would not be a suf-

ficient excess for complete complexation of crown. Assuming an

equilibrium constant of 106 for the rubidium complex of crown 2

(based on the essentially complete complexation with a two-fold

excess of salt indicated by Figures 56 and 57), an equilibrium

4 is indicated for the sodium complex.constant of approximately 2 x 10

Thus, complexation would be only about 94% complete with a five-fold

excess of salt. Quantum yield, energy, and emission spectra were

redetermined with a hundred-fold excess of sodium chloride and the

results were essentially the same as those for a five-fold excess.

The overall changes are small, however, so this isn't surprising.

The results of a similar competition study between barium bromide

and rubidium chloride/crown 2 are given in Table 19. The results

are somewhat rougher than for the sodium competition study, probably

because of the smaller differences, but indicate that rubidium and

barium have about the same complexing affinity for crown'%.

The third type of quantum yield determination is similar in

nature to the first. The fluorescence and phosphorescence quantum

yields of fully complexed crowns were determined relative to those
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Table 19. Competition for 1.00 x 10-4;M’l,8~Naphtho-21-Crown-6 ( )

in Uncracked 95% Ethanol Class at 77 K by Barium Bromi e

and Rubidium Chloride Followed by Monitoring Arbitrary

Relative Integrated Intensity.

 

 

 

Arbitrary Rel. Rel/ Equil.

Integrated Constant

System Intensity KRb+/KBa++

BaBrz/z . 10/1 1.00

l,8~Cr-6 (2) 0.96

RbCl/2 - 2.5/l 0.68 i .01 (2)

BaBr2/RbCl/2 = l/l/l 0.87 i .01 (1) 0.5

BaBrZ/RbCl/2 - 12.5/2.5/l 0.92 i .01 (2) 1.7

 

 

aErrors are given in terms of the standard deviation. The number in

parentheses after the error is the number of determinations.
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of the parent free crown, which, in turn, were determined relative

to naphthalene (vide infra). Sufficient salt, as determined from
 

the titrations described above, was added so that the crown would

be essentially completely complexed. Emission quantum yields of

the alkali metal chloride, barium bromide, and silver triflate com-

plexes of crownsll, %, and g are given in Tables 20, 21, and 22,

respectively; those of the ammonium and alkyl ammonium complexes

of crowns‘l,‘2, and g in Tables 23, 24 and 25, respectively; and

those of the haloalkylammonium chloride complexes of crowns 1, 2,

and a in Tables 26, 27, and 28, respectively.

The values given in Tables 20 through 28 are the result of at

least four determinations made using only one set of excitation

wavelengths. (See experimental for wavelengths at which determina-

tions were made.) The errors given are standard deviations and

indicate the precision of the comparison of the quantum yield of the

complex to that of the free crown. In many cases, they are better

than the standard deviation indicated for the quantum yield of the

parent crown. The absolute accuracy of the quantum yields of the

complexes obviously can't be any better than the accuracy of the

quantum yield to which they are referred (naphthalene, ultimately).

But quantum yield comparisons between free crown and complexed crown

can probably be made more accurately than quantum yield comparisons

between free crown and naphthalene, since the 77 K UV spectra of the

complexes are more similar to free crown than are the 77 K UV spectra

of free crown to naphthalene.

The fourth type of quantum yield experiment involved comparison
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Table 26. Emission Quantum Yields (¢f and ¢p) for 2,3-Naphtho-20-

Crown-6 (l) and Haloalkylammonium Chloride Complexes of

Crown 1 in Uncracked 95% Ethanol Glass at 77 K.

 

 

 

a,b a,b
System ¢f ¢p

2,3-Cr-6 61) 0.26 i 0.01 0.049 t 0.002

+ Br(CH ) NH Cl 0.165 i 0.004 0.083 1 0.002
2 2 3

l + Br(CH2)3NH3Cl 0.108 i 0.003 0.107 t 0.001

1 + I(CH2)2NH3C1 0.030 t 0.003 0.104 i 0.004

1 + I(CH2)3NH3C1 0.056 i 0.006 0.073 i 0.002

 

 

aQuantum yields of crown l were determined relative to naphthalene.

bQuantum yields of complexes were determined relative to free crown

The indicated errors are standard deviations for averages from

at least four quantum yield comparisons at a single wavelength.
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Table 27. Emission Quantum Yields (0f and ¢p) for 1,8-Naphtho-21-

Crown-6 (2) and Haloalkylammonium Chloride Complexes of

Crown 2 in Uncracked 95% Ethanol Class at 77 K.

 

 

 

System ¢fa,b ¢p39b

1,8-Cr—6 (2) 0.106 i 0.006 0.075 t .006

z + Br<CH2)2NH301 0.189 t 0.004 0.049 t 0.002

g + BICCHZ)3NH3C1 0.186 t 0.005 0.046 t 0.001

g + I(CH2)2NH301 0.153 t 0.005 0.060 t 0.003

g + I(CHZ)3NH3CI 0.165 t 0.004 0.046 t 0.001

 

 

aQuantum yields of crown a were determined relative to naphthalene.

bQuantum yields of complexes were determined relative to free crown

2. The indicated errors are standard deviations for averages from at

least four quantum yield comparisons at a single wavelength.
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Table 28. Emission Quantum Yields (<1)f and ¢p) for l,5-Naphtho-22-

Crown-6 (a) and Haloalkylammonium Chloride Complexes of

Crown.§ in Uncracked 95% Ethanol Class at 77 K.

 

 

 

System ¢fa,b ¢pa,b

l,5-Cr-6 03) 0.114 1 0.006 0.16 1 0.02

g + Br(CH2)2NH301 0.063 1 0.001 0.170 1 0.004

g + Br(CH2)3NH3Cl 0.073 t 0.001 0.25 i 0.01

g + 1(CHZ)2NH3C1 0.0113 1 0.0003 0.146 t 0.002

g + 1(CH2)3NH3C1 0.0148 t 0.0005 0.164 : 0.002

 

 

aQuantum yields of crown 3 were determined relative to naphthalene.

bQuantum yields of complexes were determined relative to free crown

. The indicated errors are standard deviations for averages from

at least four quantum yield comparisons at a single wavelength.
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of the fluorescence and phosphorescence quantum yields of a compound

or complex in ethyl bromide-ethanol-methanol (1:4:1, v/v) glass to

the same compound or complex in ethanol-methanol (4:1, v/v) glass.

Table 29 gives the results of this type of comparison for naphthalene

(10), crowns l, g, and 3’ potassium and cesium chloride complexes

of crowns l, a, and e, and the rubidium chloride complex of crown

3. Since the presence of ethyl bromide in the glass is not expected

to change the 77 K UV absorption spectra (shapes of emission spectra

are unchanged), the main source of inaccuracy in these comparisons

should be the effect of refractive index differences between the two

glasses. The errors given in Table 29 are standard deviations.

The numbers in parentheses after the errors give the number of

determinations made in each case. These errors should probably be

regarded as indicators of precision rather than of accuracy, though

it is not thought that the refractive index differences will affect

the accuracy that much. Note that ethyl bromide doesn't start ab-

sorbing until 300 nm (the absorbance of a 1 cm pathlength at 270

nm is approximately one), so none of the emitted light is absorbed.

The same experiments couldn't be done using ethyl iodide, since

ethyl iodide starts absorbing at 400 nm and a 1 cm pathlength has an

absorbance of approximately two at 350 nm.

Fluorescence and Phosphorescence Lifetimes at 77 K

The following general comments apply as indicated to reported

lifetimes. All lifetimes are from determinations at 77 K. All



185

 

 

 

Table 29. Emission Quantum Yields (¢f and ¢p) for Naphthalene,

2,3-Naphtho-20-Crown-6 ), l,8-Naphtho-21-Crown-6 (2),

1,5-Naphtho-22-Crown-6 ), and Alkali Metal Complexes of

Crowns,§, , and 3 in Uncracked Ethyl Bromide-Ethanol-

Methano ( :1:1, v/v) Glass and in Ethanol-Methanol (4:1,

v/v) Class at 77 K. Numbers in Parentheses are for Results

in Ethanol-Methanol (4:1, v/v) Class at 77 K.

System ¢fb 0 b

P

Naphthalene 0.74:0.01c(0.30) 0.381.02 (0.030)

2,3-Cr-6 (1) 0.70:.007 (0.26) 0.188i.005 (0.26)

1 + KCl 0.084i.003 (0.154) 0.282i.004 (0.084)

1 + CsCl 0.032i.003 (0.048) 0.326i.006 (0.137)

1,8-Cr-6 (2) 0.052:0.001 (0.106) 0.17:.01 (0.075)

1 + KC1 0.105i.002 (0.176) 0.129i.003 (0.046)

1 + CsCl 0.080i.005 (0.140) 0.136i.001 (0.062)

l,5-Cr-6 C3) 0.068i.003 (0.114) 0.311.03 (0.16)

e + KCl 0.044i.001 (0.061) 0.221.01 (0.126)

g + RbCl 0.01501.003 (0.018) O.24li.004 (0.181)

a + CsCl 0.0015i.0001 (0.0015) 0.336i.002 (0.333)

 

 

a

concentrations (room temperature) for naphthalene and crowns

are 1.00 x 10'4 M.

bAll quantum yields in the ethyl bromide containing glass were de-

termined relative

(4:1, v/v) glass.

assumed to be the

(see Tables 8 and

to the same compound or complex in ethanol-methanol

Quantum yields in ethanol-methanol glass are

same as those determined in 95% ethanol glass

20 through 22).

cErrors given are standard deviations for the average of at least four

quantum yield comparisons.
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phosphorescence lifetimes (1p) are from determinations made in 95%

ethanol glass, with the exception of the special set of experiments

done in ethyl bromide-ethanol-methanol (1:4:1, v/v) glass. Fluores-

cence lifetimes (If) are from determinations in either 95% ethanol

glass, 95% ethanol-methanol (4:1, v/v) glass, or ethanol-methanol

(4:1, v/v) glass. The methanol was added with the hope that it would

prevent the glasses from cracking (see experimental). The foot-

notes to the tables indicate which glass composition was used in

each case. Data for substances with phosphorescence lifetimes longer

than one second were obtained using a mechanical recorder to record

the spectrophotofluorimeter out-put as a function of time. Data for

shorter phosphorescence lifetimes were obtained by photographing an

oscilloscope presentation of the decay curve. Data for fluores-

cence lifetimes were obtained using the single photon counting

method.71

Phosphorescence and fluorescence lifetimes are generally listed

in the same tables as the corresponding quantum yields. Lifetimes

of naphthalene derivatives 1 through 9 as well as those of naphthalene

are given in Table 8. Lifetimes of the alkali metal chloride, barium

bromide, and silver triflate complexes of crowns l, g, and g are

listed in Tables 20, 21, and 22, of the ammonium and alkylammonium

complexes of crowns l, g, and 3 in Tables 23, 24, and 25. Fluores-

cence lifetimes of bromoalkylammonium complexes of crowns 1 and 2

are given in Table 30. Phosphorescence lifetimes of bromo- and

iodoalkylammonium chloride complexes of crowns l, g, and 2 are given

in Table 31. Phosphorescence lifetimes of naphthalene, crowns l,
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Table 30. Fluorescent Lifetimes (Double and Single Exponential Analysis)

for Bromoalkylammonium Chloride Complexes of 2,3-Naphtho-20-

Crown-6 ) and l,8-Naphtho-21—Crown-6 (2) in 95% Ethanol-

Methanol 4:1, v/v) Class at 77 K.

 

 

 

Single Double Exponential Analysis

Exponential

Analysis _Fraction With

System ‘&(ns) T1(ns) T2(ns) Faster Decay

,{ + Br(CHz)21~m3c1d 92 i 1‘“b 53 : 689° 170 1 30 0.7 1 0.1

%'+ Br(CHZ)3NH3C1 52.5 i .5 42 i 16 170 i 30 0.90 i 0.04

,3 + Br(CH2)2N‘H3C1d 53.2 1 .5 48 1 2 91 i 40 0.9 1 .1

,2 + Br(CHz)3NH3Cl 52.9 t .5 50 i 13 (1:1)x-103 0.85

 

 

aErrors given are linear estimates of the standard deviation given by

program KINFIT.

bTypical multiple correlation coefficients for single exponential

See results, discussion, andanalyses were approximately 0.80.

experimental sections.

cTypical multiple correlation coefficients for these double exponential

analyses were in the 0.98 to 0.99 range.

dMolar crown concentrations (room temperature) are 2.00 x 10-4 M,
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Table 31. Triplet Lifetimes (Double and Single Exponential Analysis)

for Haloalkyammonium Chloride Complexes of 2,3-Naphtho-20-

Crown—6 ), l,8-Naphtho-21-Crown-6 ), and l,5-Naphtho-

22—Crown- (3) in Uncracked 95% Ethanol Class at 77 K.8

Single Double Exponential Analysis

Exponential

Analysis Fraction With

System 11(sec) Tl(sec) T2 Faster Decay

1 + Br(CH2)2NH3Clb 2.01.2 0.691.03 2.901.06 0.501.01

1 + Br(CH2)3NH3C1b 1.81.2 1.01.1 2.4 1.1 0.481.04

1 + I(CH2)2NH3C1c 1.0: .1 0.211.02 3.01.1 0.641.01

1 + I(CH2)3NH3C1C 0.821.05 0.331.02 2.31.3 0.711.03

2 + Br(CH2)2NH3Clb 1.61.2 1.151.06 2.81.5 0.81.1

g + Br(CH2)3NH3C1b 1.51.1 1.151.06 2.31.4 0.81.1

g + I(CH2)2NH3Clc 2.01.3 1.001.06 2.61.1 0.461.03

g + 1(cnz)3m{3c1c 1.71.2 1.21.1 2.31.1 0.481.03

3 + Br(CH2)2NH3C1C 1.28:.02 0.83i.05 2.01.1 0.71.1

3 + Br(CH2)3NH3Clc 1.48i.02 1.01.1 2.31.3 0.7t0.1

3 +-1(cu2)2Nu3c1C 1.6i.1 0.181.02 1.71.2 0.651.02

3 + 1(cnz)3Nu3c1° 1.271.03 0.301.02 1.20:.04 0.471.03

 

 

aSee notes a and b for Table 30.

bMolar crown concentration (room temperature) is 2.00 x lO—AQM.

cMolar crown concentration (room temperature) is 1.00 x 10-4 M.
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z, and a, potassium and cesium chloride complexes of crowns 1, £’

and 3’ and the rubidium chloride complex of crown % in ethyl bro-

mide-ethanol-methanol (1:4:1, v/v) glass are given in Table 32.

Phosphorescence lifetimes are available for all reported compounds

and complexes. Fluorescence lifetimes are available for all naph~

thalene derivatives and many but not all complexes. Fluorescence

lifetimes could not be obtained for complexes with quantum yields

much smaller than 0.04. Other lifetimes were not obtained because

their determination was not judged to be worthwhile in light of

previously obtained results (see discussion section on rate constants

for excited state processes). Still other fluorescence lifetimes

were not obtained for practical reasons, 1:21: they are significantly

more difficult to determine than phosphorescence lifetimes. As

will be seen, however, these are not serious deficiencies. Also,

where fluorescence lifetimes are not available, estimates of the

rate constant for fluorescence can be made from the 77 K UV absorp-

tion spectra (see discussion).

All fluorescence and phorphorescence decay curves were analyzed

using the KINFIT curve fitting program developed by Professor Dye

and coworkers.72 In all cases, except for the haloalkylammonium

chloride complexes and the results in ethyl bromide containing glass,

it was possible to obtain a good fit of the obseved decay curve to

a curve generated by a function containing a single exponential term.

We will refer to such decay as "single exponential decay".

For most of the haloalkylammonium chloride complexes and for the

compounds and complexes in ethyl bromide containing glass, however,
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Table 32. Triplet Lifetimes (Single and Double Exponential Analysis)

for Naphthalene, 2,3—Naphtho—20-Crown—6, l,8—Naphtho-21-

Crown-6 ), 1,5—Naphtho-22-Crown-6 ), and Alkali Metal

Chloride omplexes of Crowns,§, , an in Uncracked

Ethyl Bromide-EthanoleMethano ( :4:1, v/v) Class at

77 K.

Single b

Exponential Double Exponential Analysis

Analysis Fraction With

System T1(sec) 11(sec) 12(sec) Faster Decay

Naphthalene 0.641.02 0.04Zi.004 0.721.01 0.2641.004

2,3—Cr-6 (l) 0.891.03 0.14:.01 1.111.01 0.321.01

% + KCl 1.00:.03 0.21:.01 1.32:.02 0.33:.01

1 + CsCl 0.81i.02 0.163.01 1.001.01 0.28:.01

l,8-Cr-6 (a) 0.71:.04 0.053i.006 1.031.01 0.43:.06

E + KCl 0.451.01 0.0121.001 0.54:.01 0.28:.03

z + CsCl 0.50:.01 0.027i.004 0.55:.03 0.23:.04

l,5-Cr-6 (3) 0.781.01 0.16:.01 1.041.01 0.28:.01

3 + KCl 0.81i.02 0.16:.01 1.00i.Ol 0.25i0.04

g + RbCl 0.79i.01 0.26:.02 1.14:.03 0.40i.01

g + CsCl 0.300i.002 0.03:.02 0.305i.003 0.04i.01

 

 

aErrors given are linear estimates of the standard deviation given

by program KINFIT.

bTypical multiple correlation coefficients for single exponential

analyses are in the 0.60 range.

mental sections.

See results, discussion, and experi-

cTypical multiple correlation coefficients for double exponential

analyses are in the 0.90 to 0.98 range. Formal concentrations

(room temperature) for naphthalene and for crowns is 1.00 x 10-4 M.

Salts are present in 5:1 molar excesses.
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it was not possible to get good single exponential fits. The results

of attempts to fit decays from these systems to a function containing

a single exponential term and to a function containing a sum of two

exponential terms (double exponential) are given in Table 30 for

fluorescence decays from the bromoalkylammonium chloride complexes

of crowns‘l and 2 and in Table 31 for the triplet decays from the

bromo- and iodoalkylammonium complexes of crowns 1, 2, and a. (See

experimental section for the forms of the equations used to do these

fits.) For the double exponential fits, an estimate of the fraction

of the total decay due to each of the parallel decays is available.

The fraction of the total decay due to the faster decay (shorter

lifetime) is the one that is tabulated. It is recognized that more

than two parallel decays could be present, but, with the available

data, results of attempted fits with more parameters would not be

meaningful. Also given in Tables 30 and 31 are error estimates

provided by the KINFIT program. These error estimates are linear

estimates of the standard deviation. Roughly put, this error esti-

mate for a given parameter indicates how much the value of this

parameter could change without requiring an adjustment of the values

of the other parameters. It indicates the extent of the reliability

of a given parameter, in spite of possible correlations among the

parameters, provided that the "correct" equation has been used to

do the fit. KINFIT also supplies multiple correlation coefficients

(R1) for each parameter. It gives a measure of the mathematical

coupling of the parameters (for R1 = 0, errors are completely un-

correlated; for R1 - 1, errors are completely correlated). The
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notes in Tables 31, 32 and 33 give typical multiple correlation co-

efficients for parameters from single and double exponential fits.

For what we have called good single exponential fits, linear

estimates of the standard deviation for phosphorescence decays are

0.3%, for naphthalene and naphthalene derivatives, and 0.5 to 1%

for crown complexes. Error estimates for fluorescence decays of

both naphthalene derivatives and for crown complexes are typically

about 1%. Attempts to fit what appears to be single exponential

decay to a sum of two exponentials gives one decay rate constant

with a relatively small error and one decay rate constant, much

smaller or larger than the first, with a much larger error. Con-

versely, attempts to fit what appears to be mixed exponential decay

to a single exponential function gives a decay rate constant with

an error which is much larger than for what has been called good

single exponential decay.

Good double exponential fits give decay rate constants which have

reasonable errors of the same magnitude. The linear estimates of

the standard deviation are larger than those for good single exponen-

tial fits, since the larger number of parameters gives each parameter

a larger range in which it can change without requiring the values

of other parameters to change. Another indicator which has been

relied upon for distinction between single exponential and mixed

(double or more) exponential decay is comparison between the ob-

served and calculated decay curves provided by program KINFIT. For

what has been called good single exponential phosphorescence decay,

the majority of calculated and observed points are the same within
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the allowed error limits, and the rest of the observed points

cluster closely about the calculated curve. For what has been called

good double exponential phosphorescence decay, however, comparison

of the observed and calculated single exponential decay curves

generated by KINFIT shows that there is both faster and slower decays

present in the observed decay curve. Calculated and observed points

are only the same in the region in which the two curves cross.

Furthermore, while plots of the logarithm of the intensity versus

time give good conformity to a straight line for what has been called

good single exponential decay, the same kind of plot gives linear

behavior for the first and last part of the decay, the slopes being

different and the middle section curved, for what we have called

good double exponential decay. For fluorescence decay curves, due

to their statistical nature (see experimental), there are fewer

points which fall exactly on the calculated single exponential decay

curve (123;, are the same as the calculated values within the allowed

errors), but observed points cluster closely about the calculated

curve throughout the entire decay.

The results of single and double exponential analyses of the

triplet decay from the haloalkylammonium chloride complexes of crowns

1, g, and 3 provide useful illustrations of what has been described

as good or poor fits of either the single or double exponential var-

iety. Single exponential analyses of the triplet decay of the halo-

alkylammonium chloride complexes of crowns 1 and 2 give error esti-

mates for the lifetimes, in relative terms, of about 6 to 15%.

These errors are much larger than the 1% error typical for good
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single exponential decay from complexed crowns. Double exponential

analysis of the same decays give error estimates for the two life-

times which are large (2 to 10%) but of about the same magnitude.

The error estimates for the fraction of each decay present are also

reasonable (approximately 2 to 10% error). Comparison of the ob-

served decay curves to calculated single exponential decay curves

clearly shows that faster and slower decay than that calculated for

single exponential decay is present. Thus, for these cases, the

double exponential analysis provides a better analysis of the ob-

served decay.

Double exponential analysis of the haloalkylammonium complexes

of crown 3 give lifetime estimates with errors similar to those for

the haloalkylammonium complexes of crowns 1 and 2, but, with the

exception of the B-iodoammonium chloride complex, the error esti-

mates for the lifetimes from single exponential analyses are fairly

small. For these cases, comparison of the observed decay curve to

that calculated for single exponential decay shows that the differ-

ence between the two curves is less, but the two curves still cross

each other, which indicates both a slower and faster decay than that

calculated for the single exponential decay. Thus, a double exponen-

tial fit provides a better analysis of the data in these cases as

well.

Analysis of the triplet decay of the cesium chloride complex

of crown 3 in ethyl bromide containing glass (Table 32) provides a

clear cut example of good single exponential analysis versus poor

double exponential analysis. Single exponential analysis gives a
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lifetime with small error estimate (about 1.5%), whereas double

exponential analysis gives one lifetime (about the same as from

single exponential analysis) with a small error estimate (about 1.5%)

and one lifetime (much shorter) with a much larger error estimate

(about 60%). Also, the estimated fraction of the shorter lifetime

is very small (0.041.01). Furthermore, there is good agreement

between the observed decay curve and that calculated for single

exponential decay.

The results of single and double exponential analyses of the

triplet decay observed for other compounds and complexes in ethyl

bromide containing glass are similar to those for the haloalkyl-

ammonium chloride complexes of crown 3. The error estimates for the

lifetimes from single exponential analyses range from about 2 to 5%.

The error estimates for the longer lifetime from double exponential

analyses range from about 1 to 3%, those for the shorter lifetime

from about 5 to 10%, and those for the fraction of the shorter life-

time from about 3 to 15%. The smaller error for the longer lifetime

is understandable in view of the estimate that most of the decay is

due to the slower decay. Comparison of the observed decay curve to

that calculated for single exponential decay makes the presence

of both slower and faster decay evident. Given the somewhat larger

errors for single exponential analysis, reasonable errors for double

exponential analysis, and the graphical comparisons, the double

exponential analyses provide better analyses of the observed decays.

Single exponential analyses of the fluorescence decay from the

bromoalkylammonium chloride complexes of crown 1 (Table 30) give
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lifetimes with error estimates of only approximately 1%. For the

B-bromoethylammonium complex of crown 1, however, double exponential

analysis gives lifetimes with error estimates of about 15% (5316

and 170130 us), which are still reasonable errors for a double expon-

ential fit. For the y-bromopropylammonium complex of crown 1, double

exponential analysis gives a shorter lifetime with a relatively large

error estimate (42116 ns, about 40% relative error) and a longer

lifetime with a smaller error estimate (170130 ns, about 20% relative

error). The fraction of the total decay estimated to be due to the

shorter decay, however, is 0.901.04. The ability to get good single

exponential fits in these cases may be due to the small amount of

slow decay present. For the B-bromoethylammonium complex, the esti-

mated fraction of long decay is 0.310.1 and the error estimates for

the two lifetimes are smaller than for the y-bromopropylammonium

complex for which the fraction of the slower decay is estimated to

be only 0.0610.04. Comparison of observed decay curves to calculated

single exponential decay curves for both complexes indicates the

presence of faster decay than that calculated for single exponential

decay.

For the bromoalkylammonium complexes of crown 2 (see Table 30),

single exponential analysis gives lifetimes with small error esti-

mates (112). Double exponential analysis gives, for both complexes,

a short lifetime with relatively small error and a long lifetime with

larger error. In both cases, the faster decay (shorter lifetime)

is estimated to account for most of the decay. Comparison of the

observed decay curves to the calculated single exponential decay
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curves to the calculated single exponential decay curves indicates

close agreement throughout the entire decay. Single exponential

analysis provides a better analysis of the data for these two cases.

The experimental section should be consulted for experimental

factors that are involved in determination of these decay curves

which may affect their analysis. Also, note that while the linear

estimate of the standard deviation for any given good single exponen-

tial decay is about 0.3 to 1.0%, the error indicated by the repro-

ducibility from different decay curves is larger. Phosphorescence

lifetime estimates for crowns obtained from determinations made over

a period of three years show a variation of about 5%. Multiple

estimates for crown complexes are also in good agreement (1 to 5%).

Fewer multiple fluorescence lifetime times determinations are avail-

able and some of these are from different solvent systems (see experi-

mental section). In many cases, however, the results are the same

within 1 to 2%. In two cases, the difference is about 10%. Due

to the statistical nature of single photon counting (see experimental),

lifetimes obtained are known to be somewhat subject to variation. An

estimate of at least 15% is placed on their accuracy. Thus, the

error estimates given in Tables 8 and 2 through 25 are from the

variation indicated by multiple determinations, not from KINFIT

error estimates.
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Tests for Anion Effects on Emission Properties at 77 K

Emission properties (shapes, intensities, and decay curves) at

77 K in 95% ethanol glass are the same regardless of whether 5:1

molar excesses of sodium fluoride, sodium chloride, or sodium bro—

mide are added to crown 1 (2.00 x 10-4 _M). The same is also true

for addition of 5:1 molar excesses of these same salts to crown %

(2.00 x 10.4 E). The effects of a 5:1 molar excess of sodium iodide

on the emission properties of crown 1 are substantially different

from those of the other sodium halide salts. Differences are also

noted between the effects due to addition of a 5:1 molar excess of

sodium iodide to crown % and the effects due to addition of 5:1 molar

excesses of the other sodium halides. The differences are less than

the corresponding differences for crown 1, however. The effects of

cesium nitrate on the emission properties of crownll appear to be some-

what different from those with cesium chloride, but the differences

are small enough to be within experimental error. Sodium fluoride,

chloride, bromide, and iodide have the same effect on the fluores-

cence quantum yield of crown 3; and cesium chloride and bromide

results agree with each other.

Effects of 5:1 molar excesses of bromoalkylammonium chlorides

and bromides on the emission properties of crown 1 are the same.

The same is also true for the effects of these salts on the emission

properties of crown £-



DISCUSSION

Preamble

The discussion will proceed in the following fashion. The first

section will deal with a few preliminary matters which are neces-

sary to the remaining discussion (complexation and the identity

of highest energy emission or lowest energy absorption bands).

After the preliminaries, the crucial issue of the validity of the

proposed perturbational method will be addressed. The limits of the

proposed method having been established, the remainder of the dis-

cussion will be structured around the following questions suggested

in the introduction:

1. Is there a directional dependence for the external heavy

atom effect (HAE), and, if so, which direction(s) of ap-

proach is (are) most effective?

2. How sensitive is the external HAE to variation in the dist-

ance between the perturber and the perturbed species?

3. Do effects observed for cationic perturbers depend upon

the positively charged nature of the perturber?

4. Does the mechanism of the external HAE necessarily involve

charge transfer states?

5. How does the effectiveness of a second external perturber

vary as a function of perturbation already present in a

chromophore (due to s complexed perturber, for example)?

6. Is there any difference in the relative susceptibilities

199
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of rate constants for excited state processes? If so, are

the relative susceptibilities the same or different for

perturbers with the same relative orientation to the chromo-

phore, or are relative susceptibilities also a function of

relative orientation?

Preliminaries

It is essential to establish before discussion of the results

that the observed changes in spectra, quantum yields, and lifetimes

are due to essentially fully complexed crown and that the observed

changes depend only on the cation and not on the anion. The molar

excess of salt required for essentially complete complexation of the

crown was established in most cases by titrations followed by moni-

toring either relative integrated intensities or relative peak in-

tensities as a function of added salt. The results of these and

other related experiments are given in Figures 55 through 60 and

in Tables 9 through 19 in the quantum yield section of the results.

These results are sufficient to establish the molar excess of salt

needed for essentially complete complexation. The results section

on anion independence shows that the results are independent of the

anion (chloride, in most cases), since, for a given cation, similar

results were observed for different anions (fluoride, bromide,

nitrate). Sodium iodide gave different results than the other

sodium halides when complexed by crowns l'or g. The titrations also

show that there is no further effect due to added salt after
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sufficient salt for essentially complete complete complexation has

been added. This indicates that there is no effect due to salt in

the bulk solution. The fact that a lSO-fold excess of cesium chloride

has no effect on ¢f or ¢p of methoxymethyl derivatives 4 and 6,

whereas a 2—fold excess is sufficient to produce maximum changes

for crowns 1, 2, andle, shows that the crown ether is responsible

for most of the observed association. Also, note that silver (I),

which is known to form complexes with n-donors,73 apparently does

not under, the given experimental conditions, associate strongly

with the naphthalene fl-system, since it complexes less strongly

with crown % than with crown 1 or % (lOO-fold versus 25-fold ex?

cesses of salt required). This is to be expected in part because

silver (I) is a small cation (approximately the same size as the

potassium cation) and crown 3 has a larger cavity than 1 or 2.

Apparently interaction with the n-system (there is evidence for some,

vide infra) does not contribute much to stabilization of the complex.
 

Note that in all cases, the concentration of salt required is much

lower than concentrations that are required for traditional external

perturbation studies.

Another indication that the crowns are fully complexed by the

molar excess of salt used and that essentially only one complex is

present is that good single exponential decay (see results section

on lifetimes) was observed for all metal cation and alkylammonium

complexes. The degree of the single exponential decay character,

however, was less pronounced than for pure crowns. This may be the

result of the presence of residual uncomplexed crown or more likely
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the result of the existence of several different conformations of

the same complex which have slightly different lifetimes (or greatly

different lifetimes but with the majority of the total decay related

to one lifetime).

Comparisons of spectral energy shifts due to substitution of

naphthalene or complexation of crowns have been based on the highest

energy emission bands (S1 and T1) or the lowest energy absorption

bands (S1 and 82) that are apparent. The energies of these bands

(in cmfl) and some energy shifts of interest are tabulated in Tables

1 through 8. Since the rest of a spectrum generally shifts in the

same direction as these bands do, these numbers generally provide

a useful indication of redistribution of spectral energy due to

substitution or complexation. These bands were referred to as

"0-0 bands" (bands due to transitions between the lowest vibra-

tional states of different electronic states) in the results section

as a matter of convenience and justification for the apellation

delayed. For fluorescence and absorption (81), a good indication

that these are 0-0 bands is the small energy difference between

them (from approximately 20 to 200 cmfl). The large difference in

intensity between the 32 and 31 absorption bands of naphthalene and

its derivatives makes it reasonable to assume that the lowest energy

peak in the higher intensity band corresponds to the energy for the

50,0 82,0 transition.67 The shapes of the phosphorescence spectra

are sufficiently similar to naphthalene (vide infra) that it is
 

reasonable to assume that the highest energy peak corresponds to

the T1 0 So 0 transition. As noted in the results section, the

9 9
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highest energy band in the phosphorescence spectrum of crownll is

a broad rounded hump. Comparisons to other spectra (see results)

suggests that this band is composed of two peaks of roughly equal

intensity. The experimental section on energy shifts gives details

for the method used to estimate the position of the higher energy

band.

Validity of the Perturbational Method Used

An attempt to establish the validity of the perturbational method

used (see introduction for problems) will be made. This attempt

will involve making comparisons of spectral shapes and rate constants

between 1) naphthalene and naphthalene derivatives (1 through 2)’

2) free crown and complexes of the same crown, and 3) complexes of

one crown and those of another crown.

The object of the spectral comparisons is to determine the degree

of similarity between the states of different complexes. The as-

sumption underlying spectral comparisons is that if the spectral

shapes are similar, the states giving rise to them will be similar.

When spectral shapes are different, there is less that will be able

to be said here about how similar or dissimilar the states are.

Whether or not states are similar to naphthalene is not as important

as whether or not they are similar for complexes of the same crown

or whether or not they are similar for complexes of different

crowns. If the states for different crown complexes are similar,

then differences in rate constants for excited state processes for

these complexes should be a function of the difference in the
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prOperties of the complexed perturber and/or of the difference in

the relative orientation of the perturber relative to the chromo—

phore. It should be pointed out that while spectra obtained at 77 K

are much better resolved than at room temperature, they are poorly

resolved compared to resolution obtainable at 4.2 K. Thus, spectra

which appear to be similar at 77 K may show different vibronic

activity at 4.2 K.40

The purpose of the rate constant comparisons is l) to see how

substituents change naphthalene's excited state behavior, and 2) to

see whether changes due to complexed cations can in some way be

separated from those due to substituents. For the 2,3-, the 1,8—,

and l,5- series of naphthalene derivatives and alkali metal cation

complexes, rate constants will be analyzed in terms of the effect of

replacing H by CH3, CH3 by CHZOCH3 (oxygen effect), CHZOCH by crown

3

ring (ring effect), and empty crown ring with perturber (cation

effect). For the haloalkylammonium work, an attempt to separate

the effect of the alkyl halide from the effect due to complexation

of the ammonium group will be made by comparing the effects of come

plexed alkylammonium to those of haloalkylammonium complexes. The

ethyl bromide work is exactly similar in method to traditional

external HAE studies15a except that the perturbed species will be a

complex, not a compound.

The basis for making comparisons of spectral shapes was laid

in the results section. Generalizations resulting from observations

made there will now be summarized. The broadest generalizations and

conclusions from them will be given first. Having taken care of
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these, the more difficult comparisons will be taken up.

The broadest generalization proposed is that all phosphorescence

spectra (Figures 20 through 54, even numbered) are naphthalene-like.

This is most obviously the case for the l,5-series naphthalene deri-

vatives and complexes, but there are five sets of bands evident for

all complexes and all naphthalene derivatives (2 through 9) that

appear to be similar to the bands of naphthalene at approximately

469, 480, 502, 540, and 590 nm. As noted in the results section, the

relative intensity of the two highest energy bands is quite variable

for the 2,3- and 1,8-series of derivatives and complexes. The

two highest energy bands are distinct for crown 2, apparently merged

for crown l, and of greatly different relative intensities for com-

plexes of these crowns. As also noted in the results section, the

haloalkylammonium complexes of crown l have an additional prominent

peak in the 480 to 495 nm region. These peaks may correspond to

less prominent peaks or shoulders in similar regions of other phos—

phorescence spectra. Thus, it appears that neither substitution of

naphthalene by CH3, CHZOCH3, or crown, nor complexation of crowns

drastically changes the nature of naphthalene's T1 triplet state.

It might be expected, then, that kp and kdt for different complexed

perturbers and different crowns can validly be compared.

Another broad generalization is that the fluorescence spectra of

all complexes have the same shape as other complexes of the same

crown. The only exceptions to this are for the Na+, Ag+, and £7

butylammonium complexes of crown‘g, which are more similar to free

crown 2 than fluorescence spectra of other complexes of crown 2.
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The fluorescence spectra of complexes of crown a have essentially

the same shape as free crownlg. It is somewhat difficult to determine

how similar the fluorescence spectra of complexes of crown % are

relative to free crownlg. As noted in the results section, there

is a general increase of fluorescence intensity accompanied by a

general muddling of fine structure for complexes of crown‘% relative

to free crown.2. The tops of the peaks for the spectra of the com-

plexes, however, seem to correspond to the peaks of crown.2 at ap-

proximately 330, 335, and 340 nm. The fine structure of complexes

of crown.l is somewhat different from that of the free crown‘l.

The 0—0 bands are blue shifted, but some lower energy transitions

are red shifted relative to what appear to be the corresponding

transitions for the free crown. This appears to be somewhat charac-

teristic of the effects of substitution at the 2,3-positions of

naphthalene, since the same trend is noted in going from H to CH3 to

CHZOCH3 to crown (see Figure 61 below and accompanying discussion).

The great degree of similarity between the shapes of fluorescence

spectra for complexes of the same crown suggests that the 31

state for all complexes of that crown are similar. Thus, the ef-

fects of various perturbers on the rates of excited state processes

involving 31, kf and kisc’ should be comparable for complexes of

a given crown. Since k18c is sensitive to the energy difference

between S1 and the triplet state to which crossing occurs (T1 is

not necessarily the triplet state involved),74 changes in kis may
C

also reflect energy level changes induced by complexation.

Turning now to 77 K UV spectra, the following generalization
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emerges for 82 absorption bands. The $2 absorption bands of all

crown complexes and naphthalene derivatives are similar in shape to

the 82 band of naphthalene. 82 bands for the l,8- and l,5-series

of naphthalene derivatives are red shifted by about 1000 cm.1.

Complexation of crowns 2 and 3 generally induces further red shifts,

but these are generally much smaller (100 cmfl) than those induced

by substitution. The energies of the 82 bands for the 2,3-series

of naphthalene derivatives are not as affected by substitution as

for the l,8- and l,5—series. The intensity of the $2 absorption

bands of complexes are not of greatly different intensity relative

to free crown except for the alkali metal complexes of crown 3,

which show a 50 to 100% increase in intensity relative to free crown.

The above generalization suggests that the 82 states of naphthalene,

naphthalene derivatives 1 through 2, and complexes of crowns 1, 2,

and 3 are all similar but of somewhat lower energy relative to

naphthalene for complexes and derivatives in the l,8- and l,5-series

and of similar energy relative to naphthalene for the 2,3—series.

Since 82 is not directly involved with any of the observed decay

rates (it is 83 that is thought to be vibronically coupled to S1 for

74,75

naphthalene), this conclusion does not have any direct bearing

on whether rates involving decay from 81 and T ought to be comparable

1

for different crown complexes.

Considering now the S absorption bands, it turns out that com-

1

plexes of the same crown have 81 absorption bands which are very

similar to each other. This again suggests that results for dif-

ferent complexes of the same crown ought to be comparable. Also,
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for crownslg and'e, the shape of the S1 band of the free crown is

similar to those of its complexes. The S1 absorption band of crown

l is also similar to those of its complexes, but the latter show

three additional small peaks not evident for the former. The fact,

however, that the intensities of peaks in the S1 bands of complexes

of crown‘l are generally of roughly the same or lower intensities

than those for free crown 1 suggests that complexation does not

promote vibronic coupling with higher excited singlets, since this

would be expected to further increase the intensity of this band76

(see introduction section on proposed perturbational method). These

results suggest that results associated with the singlet manifold

should be comparable for complexes of a given crown.

The only comparisons which remain to be made are between the

fluorescence spectra and S1 absorption bands of naphthalene deriva-

tives 1 through 2 to each other and to naphthalene. To aid comparison

of these spectra, stick spectra (only peak positions indicated as

a function of wavelength) for fluorescence are given in Figure 61

and for 81 absorption bands in Figure 62. It is difficult to discern

peaks in the fluorescence tails for many of these compounds, so

comparisons will be based on roughly the same portion of the higher

energy region for all compounds. Positions of shoulders are indi-

cated by lines one-hAlf the height of those for well-defined peaks.

Suggested correlations between different spectra are indicated by

dashed lines. These correlations are based on the similarity of

spacings between sets of sticks in both spectra. (The spacings are

linear in wavelength, not cmfl, but over a small range of
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wavelengths energy differences will be roughly proportional to wave-

length differences.) The object of these comparisons is to see

whether or not these spectra differ only by being displaced to lower

or higher energy and to see how similar or dissimilar their vibra-

tional structure is. If the vibrational structures are the same, it

.will be assumed that the states are the same.

Inspection of the stick representations of the fluorescence

spectra given in Figure 61 bears out observations made in the results

section without the aid of this figure: 1) the vibrational spacings

for crown and methoxymethyl derivatives are similar within the 2,3-,

l,8-, or 1,5-series; 2) the fluorescence spectrum of 2,3-dimethy1-

naphthalene has more peaks than the 2,3-crown or methoxymethyl

derivatives but includes all of the peaks and nearly the same vibra-

tional spacings seen for the latter two; and 3) the fluorescence

spectrum of the l,5-dimethyl derivative has most of the same vibra-

tional spacings and peaks as the 1,5—crown and methoxymethyl deriva-

tives. A generalization suggested by Figure 61 is that the vibra-

tional structure of all 1,8- and l,5-crown, methoxymethyl, and di-

methyl derivatives are the same (only the position of one shoulder

for the l,5-dimethyl derivative does not quite correlate). Note

for the 2,3-series that in going from methyl to methoxymethyl to

crown the higher energy peaks shift to higher energy and the lower

energy peaks to lower energy. A similar trend was noted above for

complexes of the 2,3-crown relative to free crown. No correlations

have been suggested between the 2,3- and the l,8-series, since the

'vibrational spacings are different. Also, no correlations between
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naphthalene and any of its derivatives have been suggested. Since

vibronic coupling with higher singlets affects which vibrational

levels of 80 are populated by fluorescence,76 the fact that these

spacings are the same for the 1,8- and l,5- series suggests that

vibronic coupling is the same throughout both series. Since com—

plexes of the l,8- and the l,5-crowns have the same vibrational

spacings as the free crowns, this conclusion applies to them as

well. The differences in vibrational spacings for the 2.3-series

do not necessarily mean that S1 for the 2,3-series is coupled dif-

ferently. The differences may instead be due to differences in

molecular symmetry, which also affects the allowedness of vibrational

modes.77 This point will be discussed further in the discussion of

intensities of absorption spectra.

Inspection of Figure 62 bears out observations made in the results

section for $1 absorption bands of naphthalene derivatives: 1)

the vibrational spacings are similar within the 2,3—, l,8-, or 1,5-

series for methoxymethyl and crown derivatives; 2) many of the same

vibrational spacings are observed throughout the l,8- and the 1,5-

series (there are a few shoulders apparent in some cases but not in

others); and 3) vibrational spacings for the l,8— and l,5-series

are similar to those observed for naphthalene. Only one further

correlation is suggested by Figure 62 that was not suggested in the

results section and that is that some of the vibrational spacings

for the 2,3-series are the same as those observed to be constant

throughout the l,8- and l,5-series. The similarity of vibrational

spacings throughout the l,5- and l,8-series indicates that vibronic
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coupling is the same throughout both series. Vibrational spacings

within the 2,3—series are similar but correlations with the 1,8-

or l,5-series is tenuous. Thus, essentially the same conclusion is

reached based on similarity of vibrational spacings in absorption

spectra as was reached based on vibrational spacings in fluorence

spectra.

The preceding arguments have been based on similarities of

vibrational spacings. But changes in molecular symmetry can also

67 so differences in vibrational struc-affect vibrational structure

ture does not necessarily imply a difference in vibronic coupling.

The following arguments will be based on relative peak intensities

in an attempt to determine whether the difference in vibrational

structure between the 2,3- and the l,8- or l,5-series is due to a

difference in the way electronic states are vibronically coupled

thus giving rise to peaks associated with nontotally symmetric vibra-

tions, or due to a difference in molecular symmetry, which might be

expected to change the intensity of the 0-0 band. O-O electronic

transitions are not greatly affected by vibronic coupling, changes

in the intensities of 0-0 peaks due to chemical substitution are

likely to be due to changes in molecular symmetry, not to substi-

78 Thus, a naphthalene's 0-0tuent induced vibronic coupling.

absorption peak is 10 to 20 times less intense than the rest of the

$1 absorption band and its 0-0 emission peak is 6 times smaller than

the most intense emission peak. For all the 2,3-disubstitutednaph-

thalene derivatives (Figure l), the intensity of the entire S1

absorption band is increased relative to naphthalene but the
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intensity of the 0-0 peak is increased the most. The same situation

obtains for the fluorescence spectra (Figure 19): the 0-0 peak is

the most intense peak for each member of the 2,3-series. For the 1,8-

(Figures 2 and 21) and the l,5-series (Figures 3 and 22), the 0-0

band is not the most intense peak in either the absorption or in

the fluorescence spectra for crown or methoxymethyl derivatives.

But for the 1,8-crown and methoxymethyl derivatives, the S0 O-O

absorption peak is about two times more intense than for naphthalene,

whereas the second peak is two times less intense than the correspond-

ing peak for naphthalene. For the fluorescence spectra of these

two 1,8-derivatives, the 0-0 peak is about three times more intense

than for naphthalene, whereas the second peaks are about of the same

intensity as for naphthalene. For the 1,5-crown and methoxymethyl

derivatives, the 31 0-0 absorption peaks are about five times more

intense than naphthalene, whereas the second highest energy peaks

are only about two times more intense than for naphthalene. The

fluorescence spectra for the l,5-crown and methoxymethyl derivatives

have about the same relative peak intensities as for naphthalene

throughout their spectra. The 81 0-0 absorption peaks and 0—0

fluorescence peaks for the l,8- and l,5-dimethy1 derivatives are

the most intense peaks in their spectra. Therefore, the main effect

of 2,3—, l,8-, and l,5- disubstitution appears to be to change

molecular symmetry without enhancing vibronic coupling between elec-

tronic states. Since, as noted in the previous comparisons (gigs

32252), complexation does not greatly alter fluorescence or absorp-

tion spectra of complexes relative to parent free crown, this
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Table 33. Estimates for Rate Constants of Excited State Processes

of Naphthalene and 2,3—, l,8-, and l,5-Disubstituted-

naphthalenes in Alcohol Glass at 77 K.8

 

 

 

 

 

 

Naphthalene Substitution kfxlo- knrxlo- kpxlo kdt

None (19) 1.4 3. 1.7 0.38

2,3—Dimethy1 (4) 2.4 4. 1.2 0.36

2,3fi§i§(methoxymethyl) (5) 2.5 8. 1.4 0.35

2,3-Crown-6 (l) 2.8 7. 2.4 0.33

1,8-Dimethyl (Q) 4.8 7. 1.1 0.53

l,8fi§i§(methoxymethyl) (7) 2.0 19 3.3 0.39

l,8-Crown-6 (2) 2.4 20 3.5 0.38

l,5-Dimethyl (8) 4.1 5. 1.5 0.37

l,5fi§i§(methoxymethyl) (2) 1.7 11 3.7 0.36

l,5-Crown-6 (3) 3.3 25 8.2 0.37

 

 

8All rate constants in terms of sec- .
1



 

 
L
i
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Table 34. Estimates for Rate Constants of Excited State Processes

for 2,3-Naphtho-20-Crown-6 ( ) and Alkali Metal Chloride,

Barium Bromide, and Silver Triflate Complexes of Crown

1 in Alcohol Class at 77 K.8

 

 

6 6

 

 

 

System kfxlo- knrxlo- kpxlO kdt

2,3-Cr-6 C1) 2.8 7.9 2.4 0.33

,1, + NaCl 1.7 7.2 2.6 0.27

1‘+ KCl 1.7 9.1 3.1 0.29

,1; + RbCl 1.5 11 3.9 o 33

4, + CsCl 0.56 11 6.5 0.39

1 + BaBr2 0.92 18 5.4 0.32

4, + AgOSOZCF3 --- 20b 2.4 0.29

1
8All rate constants in terms of sec-

bCalculated assuming that kf - 2.8x106.

UV absorption spectra (see text for rate constant calculations

for alkali metal chloride complexes of crown 3 and Figure 16).

Assumption based on 77 K
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Table 35. Estimates for Rate Constants of Excited State Processes

for l,8-Naphtho-21-Crown—6 (2) and Alkali Metal Chloride,

Barium Bromide, and Silver ffiflate Complexes of Crown

2 in Alcohol Class at 77 K.3

 

 

6

 

System kfxlo' knrx10’ kpxlO kdt

1,8-Cr-6 (g) 2.4 20 3.4 0.38

g + NaCl 2.3 19 3.6 0.40

g + x01 3.2 15 4.0 0.67

g + RbCl 3.4 16 4.3 0.73

1 + CSCI 3.0 19 6.0 0.77

% + BaBr2 --- 21b 6.4 0.81

g + AgOSOZCF3 --- 17b 3.2 0.43

 

 

8All rate constants in terms of sec-1.

bCalculated assuming kf - 3.0 x 106. Assumption is based on 77 K

UV absorption spectra (compare Figures 14 and 17 to Figure 5 and

see text for calculation of rate constants for alkali metal chloride

complexes of crown é)'
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Table 36. Estimates for Rate Constants of Excited State Processes

for l,5-Naphtho-22-Crown-6 ) and Alkali Metal Chloride,

Barium Bromide, and Silver Triflate Complexes of Crown

3 in Alcohol Class at 77 K.8

 

 

 

System kfxlo-6 knrx10-6 kpxlO2 kdt

1,5-Cr-6 Q) 3.3 25 8.2 0.37

,2 + NaCl 2.6 32 5.7 0.36

,3 + x01 2.3 35 6.3 0.44

,3 + RbCl --- 52b 11 0.48

,3 + CsCl -- 670b 93 1.85

3 + BaBr2 --- 31 10 0.37

g + Agosoch3 --- 500 450 0.82

 

 

a .-

All rate constants in terms of sec 1.

bCalculated assuming kf - 1.0 x 106 (see text).

cCalculated assuming kf - 3.3 x 106. Assumption is based on 77 K

UV spectra (compare Figure 15 and 18 to Figure 6 and see text for

calculation of rate constants for alkali metal chloride complexes

of crown 3).
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conclusion applies to the effects of complexation as well. This

conclusion suggests that effects due to perturbers complexed by

2,3-, l,8-, or l,5-crown derivatives should reflect properties of

the perturber and the position of the perturber relative to the

chromophore without overpowering effects due to substituent or

perturber induced vibronic coupling.

The discussion will turn now to a consideration of the validity

of the proposed perturbational method based on a consideration of

changes in rate constants as a function of type of substitution and

as a function of the type of alkali metal cation.

Rate constants (kf, k k , and kdt) for naphthalene and naph-
nr’ p

thalene derivatives (1 through a) and for the alkali metal chloride

complexes of crowns 1, 2, and 3 are given in Tables 33 through 36,

respectively. These rate constants have been calculated from quantum

yield (¢f and ¢p) and lifetime (Tf and Tp) data given in Tables 8

and 20 through 22 according to the equations given in the introduc-

tion section on excited state processes. These calculations assume

(see introduction) that k is negligible compared to kf + kisc which
ds

can be expressed by assuming that l - ¢f = ¢isc°6 Since, if this

assumption is wrong, the value of k will be affected, the rate
isc

constants tabulated will be referred to as nonradiative decay from

the singlet, knr (knr s kd8 + k ). Thus, even if the assumption

isc

is wrong, the tabulated values of knr would still be correctly lab-

elled, although they would be a composite of two rates, the ratio

of which would be unknown. knr will be thought of and discussed,

however, as dominated by k1 .
sc
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If for the Rb+ and Cs+ complexes of crown.g could not be de-

termined due to experimental constraints (see results section on

lifetime determinations), either because ¢f was too low or because

1f was too short. 80 a value of kf based on 77 K UV spectra was

guessed to allow calculation of knr - (1 - ¢f)kf¢f-1). There is a

general relationship between kf and the oscillator strength of the S1

absorption band, i;g;, kf is expected to increase as the intensity

of the $1 absorption band increases.79 Generally, good absorbers

79 Put somewhat more exactly, the inherent radia-are good emitters.

tive lifetime, 1° (1° - kf-l), is inversely proportional to the

integrated intensity of the S1 absorption band. This relationship

doesn't always hold, however.79 From the results of this investi-

gation, a rough correlation is found between kf and the intensity

of the 0-0 absorption peak; 3;g;, kf increases as the intensity of

the 0—0 absorption peak increases. Unfortunately, this correlation

doesn't hold up very well for the Na+ and K+ complexes of crown é!

kf decreases slightly as the intensity of the 0-0 absorption peak

increases. (Compare Table 36 to Figure 6.) The rest of the 81

bands for these complexes are increased in intensity as well. This

being the case, it is difficult to do anything else but guess at

what kf might be. The 0-0 absorption peaks for the Rb+ and Cs+

complexes are about half as intense as that for the free crown,

but the rest of the S1 bands of these complexes are of about the

same intensity as for the Na+ and Rf complexes. It is expected that

4.

kf is about the same for the Rb and Cs+ complexes as for the Na+

and K+ complexes, so it is thought that a value of 1 x 106 is
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sufficiently low so that increases in knr are underestimated rather

than overestimated. If this assumption is correct, then 1f 8

¢flkf - 2 nsec for the Ca... complex of crown 3, which would be too

short to measure given the experimental problems discussed in the

results section. (¢f - 0.0015 would also make determination of a

longer lifetime difficult.)

Relative errors for kf, k , and k1) are estimated to be about
nr

10% and, for kdt’ about 52. kdt is determined mainly by Tp in most

cases and Tp estimates are thought to be good to about 5% (see

results). The absolute errors may be larger if the estimates used

for ¢f and ¢p of naphthalene are in error. This investigation

puts limits at least on how large ¢p for naphthalene can be, since

¢p for the Ag+ complex of crown a was found to be 0.84:.08.

Rate constants as a function of naphthalene substitution and

complexed alkali metal ion perturbers have been presented graphically

in Figures 63 through 65 for the 2,3-, the 1,8-, and the l,5-series,

respectively, to facilitate comparisons. Tables 33 through 36

can be referred to for numerical values if desired. Of interest

will be: comparison of the effect that each kind of substituent

(CH3, CH3OCH2, or crown) in a given series has on changing a given

rate constant; comparison of substituent induced changes of rate

constants to changes induced by complexation of alkali metal cations;

and comparisons of substituent and complexation induced changes of

rate constants between the 2,3-, l,8-, and l,5-series.

Considering changes in kf for the 2,3-series, it is seen that

CH3, CH30CH2, and crown substitution all increase kf by roughly
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the same amount. Complexation of cations, however, decreases

kf relative to free crown 1. There is about a 5-fold decrease

relative to free crown induced by Cs+ complexation, whereas the

increase due to substituents is only a 2-fold increase. For knr’

CH3 causes a slight increase relative to naphthalene; CHBOCH2 and

crown both cause about a 3-fold increase (oxygen effect). Complexa-

tion of Na+ causes little change relative to free crown, of K+ a

small increase, and of Rb+ and Cs+ larger increases of the same mag-

nitude. These increases in knr caused by complexation appear to be

in addition to whatever change is induced by crown substitution it-

self. Note that the relative increase in knr due to complexation is

less than the relative decrease in kf, so the observed decrease in

¢f is mostly due to the decrease in kf, not to the increase in knr'

For kp, substituents cause only small changes relative to naphthalene

in comparison to the increase in kp relative to crown caused by

complexation of alkali metal cations. Note the increase in kp due

to complexation of Rb+ and Cs+, for example, the increases become

progressively larger as Na+: K+ , Rb+, and Cs+ are successively come

plexed. For kdt’ there is a decrease introduced by each substituent

in going from H to CH3 to CHZOCH3 (oxygen effect) to crown (crown

effect). Complexation of Na+ causes a further decrease in kdt rela-

tive to crown, but kdt then progressively increases relative to kdt

+, and Cs+ are successively complexed.for the Na+ complex as K+, Rb

The decrease of kdt relative to free crown followed by an increase

suggests the operation of competing factors (see discussion below

on correlations of rate constants with energy differences). Note
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that CH3OCH and crown substitution have about the same effect on

2

each rate constant (except kdt)’ indicating that there is little

crown effect - little effect due to joining the CH3OCH2 oxygens in

a crown cycle.

Turning now to the l,8-series (Figure 64), it is seen that CH3

causes the largest change in kf relative to naphthalene. Note that

a similar large increase in kf is caused by l,5-dimethy1 substitution

(Figure 65), so it is doubtful that peri interactions are responsi-

ble. Note also that there is a corresponding large increase in the

intensity of the S1 absorption band (Figure 2) complexation of Na+

causes little Change in kf relative to free crown; complexation of

K+, Rb+, and Cs+ causes changes in kf relative to free crown which

are as large as those caused by CH3OCH2 and crown substitution rela-

tive to naphthalene. For knr’ CH3 substitution causes a 3-fold

increase relative to naphthalene; CH3OCH2 and crown substitution both

produce about a 6-fold increase in knr' The changes in knr induced

by complexation of cations relative to free crown is smaller than

the change induced by CH3OCH2 or crown substitution relative to

naphthalene. Complexation of Na+ causes little change in knr rela-

tive to free crown, but complexation of K+ causes about a 25% de-

crease which is followed by progressive increases in knr for suc-

cessive complexation of Rb+ and Cs+. As for k t in the 2,3-series,

d

this suggests the operation of competing effects. kp for the 1,8-

series is not affected very much for CH3 substitution but is increased

about 2-fold by CHBOCHZ and crown substitution. Successive complexa-

+

tion of Na+, K+, Rb , and Cs+ results in progressively larger
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increases in kp relative to free crown. Except for a larger oxygen

effect on kp for the l,8-series, the effects of substitution and

complexation are similar to those for the 2,3-series. For kdt’

only CH3 substitution causes a marked increase, but successive com-

plexation of Na+, K+, Rb+ , and Cs+ results in progressively larger

increases in kdt relative to free crown.

Figure 65 for the l,5-series, graphically shows that, for this

series, substituent induced changes in rate constants are negligible

compared to the effects due to complexation of Cs+. Note that if

kf was plotted on the same scales used for knr or k that there
p9

would appear to be essentially no variation in kf. Note that the

value of kf for the Rb+ and Cs+ complexes is an assumed value (vide

supra). For this series, inspection of tabulated values is neces-

sary to put knr’ kp, and kdt in perspective to those in the 2,3-

and 1,8- series. Inspection of Table 33 shows that there is a sig-

nificantly larger difference between the effects of CH OCH2 and

3

crown substitution in the l,5-series than in the 2,3- or in the 1,8-

series. For the 1,5-series, kf, knr’ and k.p for crown substitution

are each about twice as large as the corresponding rate constants

for CHBOCHZ substitution (crown effect). That there is such a dif-

ference in the l,5- and not in the 2,3- or l,8-series is not sur-

prising in view of the fact that the crown ring passes over the face

of the naphthalene w-system for the l,5-series. kdt is essentially

the same as for naphthalene throughout the 2,3-, 1,8-, and 1,5-

series for CH3CH30CHZ, and crown substitution except for CH

3

substitution in the 1,8-series.
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Figure 65 also makes the effects of complexation of other cations

appear to be negligible relative to the effects due to complexation

of Cs+. Inspection of Table 36, however, shows that knr progres-

+

sively increases relative to free crown as Na+, K+, Rb , and Cs+

are successively complexed. kp and k t first decrease and then in-
d

crease relative to free crown as complexation successively proceeds

from Na+ through Cs+. It might be argued that tying the CH3OCH2

oxygens into a crown cycle changes the naphthyl carbon-methylene

carbon-oxygen angles in such a way that the oxygens nonbonded elec-

trons do interact more with the n-system. If this interpretation

is correct, then it might be supposed that this kind of interaction

or inductive effect would be modified by complexation of cations.

Changes in knr and kp due to cation complexation might then be a

function of how this interaction is modified by complexed cations.

The fact, however, that knr’ RP, and kdt (for which there is no

oxygen effect) generally tend to increase relative to free crown in

+, and Cs+ are succes-the 2,3-, l,8-, and l,5-series as Na+, K+, Rb

sively complexed, indicates the likelihood of some common interac-

tion. The three crowns involved, however, are sufficiently different

that it is likely that possible interactions of their naphthylic

oxygens with the n-system would produce the same common effect in

each case. For instance, for crown 3 there may be one kind of

interaction between the naphthylic oxygens and the n-system enforced

by the polyether chain which passes over the n-face (activation

energy of about 6 kcal per mole for rotation of crown ring around

80
naphthalene substrate), another kind of interaction enforced by
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peri interactions for crownle (vide infra), and, perhaps, only
 

conformationally enforced interactions for crown’l. The suggested

enforced interaction for crownle is evidenced by a much larger crown

effect for crown substitution in the l,5-series than in the 2,3-

series (some crown effect) or in the l,8-series (little crown effect),

as noted previously. The peri interactions suggested for crown‘%

would restrict conformational freedom and, perhaps, result in a

more or less restricted range of possible interactions. The absence

of an oxygen effect in the 2,3-series for kp but the presence of a

crown effect (kp is increased by a factor of two for crown substi-

tution relative to CH3OCHZ substitution) suggests a set of somewhat

different kinds of interactions.

The increases in kp observed for complexation of alkali metal

cations by the 2,3-, l,8-, and l,5-crowns, except for complexation

of Na+ and Rf by the l,5-crown, are more significant than the in-

creases in km. and kdt’ since, in general, radiative transitions

are less dependent on energy differences than nonradiative transi-

tions.81 Indeed, it turns out that there is a good linear correla-

tion (correlation coefficient (R) - 0.998) between log k and the

dt

change in triplet energy relative to crown, (ET1 - so), for alkali

metal complexes of crown.g, as shown in Figure 66. Note that Figure

66 includes points for metals not discussed yet, Ba++ and Ag+.

The correlation appears to be less good for the alkali metal com-

plexes of crown.l. There appears to be a correlation for three of

the points (R . 0.992), but the point for the 08+ complex definitely

does not fit the correlation (R - 0.466 if this point is included).
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Note that it may be fortuitous that points for the free crowns appear

to fit with the correlation for the complexes. Also, it may be

fortuitous that points for complexes of both the 2,3— and the 1,8—

crown appear to fall on roughly the same line. Note that A(ET1 - SO)

is estimated to be good to $20 cm.-1 and kdt to be accurate within

iSZ, so the position of the point for the Cs+ complex of the 2,3-

crown is not merely due to experimental scatter. The larger value

of kdt observed with Cs+ complexation by 1 can be rationalized by

enhanced spin-orbital coupling which may not depend on the T1 - So

energy separation. Note that the point for the Ag+ complex of the

l,8-crown appears to correlate with the points for the alkali metal

complexes, whereas the point for the Ba++ complex definitely does

not. The points for the Ag+ and Ba++ complexes of crown 1 appear

to correlate with the points for the Na+, K+, and Rb+ complexes.

There is, however, no apparent correlation between log kp versus

A(ET1 - SO) or between log knr versus A(ET1 - SO). One would not

81

So) '

kisc’ however, is known to depend on the energy separation between

the coupled states. The lack of correlation between log knr and

necessarily expect a correlation between log kp and A(ET1 -

A(ES1 - T1) may be because intersystem crossing does not necessarily

occur directly to T1. T2 for naphthalene is energetically very close

to 81.74 Thus, the decrease relative to the l,8-crown in knr for

complexation of K+ and the decrease in knr relative to the 2,3-crown

due to complexation of Na+ may be due to an increase in the energy

separation between the coupled states. The subsequent increase in

knr as other alkali metal cations are successively complexed may be
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due in part, anyway, to a subsequent decrease in the energy separa-

tion between the states that are coupled. For the 1,5-crown, energy

shifts induced by complexed metal cations are much smaller than those

induced by complexed metal cations for the 2,3- and the l,8-crown

(compare Table 4 to Tables 2 and 3), and no correlations between

logarithms of rate constants and energy differences are found.

Therefore, the larger increases in knr and kdt for alkali metal come

plexes of crown'% are more meaningful than those for the 2,3- or

1,8-crown, since kdt’ anyway, for the latter cases shows a marked

correlation with A(ET1 - 51) for most complexes.

For the 2,3- and the l,8-crawn, it appears that there are cor—

relations between AGES1 - T1) and A(ET - so) with the polarizing

strength of the alkali metal cations. "Polarizing strength" is

defined to be the absolute charge of an ion divided by the square

of its ionic radius (l/r2 for monovalent ions).83 Plots of A(ES1 - T1)

versus l/r2 are shown in Figure 67 for the alkali metal cation for

complexes of the 2,3-crown (R - 0.93) and of the l,8-crown (R - 0.97).

Plots of A(ET1 - 50) versus l/r2 are shown in Figure 68 for alkali

metal complexes of the 2,3-crown (R - 0.91) and of the l,8-crown

(R - 0.993). Thus, changes in kdt relative to free crown due to

complexation of alkali metals by the 2,3—crown and by the l,8-crown

may be a function of the properties of the complexed cations but

partially, anyway, vis-a-vis energy shifts induced by the complexed

cation. Note (see Figure ) that only the Ba++ complex of the 1,8-

crown and the Cs+ complex of the 2,3-crown would not fit a linear

correlation between log k and A(ET - ). Energy differences
dt 1 S0
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and the polarizing strength of Ba++ and Ag+ do not fit with the ap-

parent correlations of energy differences with polarizing strength

for complexes of the 2,3-crown and the l,8-crown. This is perhaps

because Ba++ and Ag+ are members of different periodic series and

because there is difficulty in deciding what the actual polarizing

strength of Ag+ should be.82

It is not surprising that complexation of metal ions induces

energy shifts. What is perhaps surprising is that energy shifts

are not larger (see below under question about the effects of the

positive charge of the perturber). It is not clear what factors

are responsible for energy shifts due to complexation of metal cations.

The above correlations suggest that differences in salvation may

be responsible since salvation energies are also related to the

radius of the cation and of the anion. Alternatively, energy shifts

may be due to field induced n-polarization due to complexed cations.

13C nuclear magnetic resonance (CMR) studies83 atThe results of

room temperature showed that changes in the chemical shifts of the

naphthalene carbons which occur upon complexation of alkali metal

cations could be explained in terms of field induced n-polarization.

While there were shifts in n electron densities due to complexed

cations (as indicated by chemical shifts for the naphthalene carbons

of the 2,3- and of the l,8-crown) there was little shift in n elec-

tron densities due to complexed metal cations for the naphthalene

carbons of the l,5-crown, as indicated by absence of chemical

shifts for the naphthalene carbons. Chemical shifts of the ipso

carbons for the 2,3- and the 1.8-crown were consistent with an
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increase of W electron density, which is as would be predicted by

field induced n-polarization. Thus, the fact that larger energy

shifts are produced by complexation of metal cations by the 2,3-

or the l,8-crown than by complexation of metal cations by the 1,5-

crown is consistent with an explanation of these energy shifts in

terms of greater shifts of n electron density for the former cases

than for the latter. However, the n electron polarizations (as

evidenced by 13C chemical shift changes) were similar with Na+,

K+. Rb+, and Cs+ and not a function of l/rz. This argues against

a direct dependence of energy shifts and n-polarization.

In addition to the general increase of kp (and, to a lesser extent,

k and kdt except for the l,5-series) by complexation of alkali
nr

83 together withmetal cations, results from the CMR work cited above

results from this investigation suggest that the changes in excited

state rate constants due to complexation of metal cations don't

merely reflect modified interactions of non-bonded oxygen electrons

with the naphthalene n-system. The observations which suggest this

conclusion are: 1) that changes in knr and kp relative to free crown

for complexation of alkali metal cations are smaller for the 1,8-

crown (2) than for the 2.3-crown; while 2), the CMR results suggest

a much larger adjustment of the C(2): C(1): C(11): 0(12) dihedral

angle for the former case (2) than the C(1): C(2): C(11): 0(12)

dihedral angle for the latter case (1). The larger change in di-

hedral angle postulated for the former case is reasonable in view

of possible peri interactions. Provided that ground state and S1

geometries are not too different, these observations from room
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temperature CMR studies may validly be applied in this argument.

Also, it does not seem possible to account for changes in rate

constants due to complexation of cations in terms of variation of

the inductive effect of the naphthylic oxygens by different metal

cations, since, if this was the major mode of interaction, one would

expect similar results regardless of which crown the metal cation is

complexed. (The effects of substituents on carbons l and 2 of

naphthalene are expected to be of the same sign, but perhaps of

different magnitude).83 But there are large differences (in size

and often sign) in changes produced by complexation of Cs+ by the

l,5-crown and changes produced;by complexation of Cs+ by either the

2,3- or the l,8—crown.

There seems to be evidence for the effects of peri-interactions

on knr for l,8- and for l,5-dimethylnaphthalene. There also has

been precedence for this in the literature.84 For a series of mono

and dimethylated naphthalenes and 1,4,5,8-tetramethylnaphthalenes,

it was noted that two compounds had exceptionally high k values,
isc

l,8—dimethylnaphthalene and 1,4,5,8-tetramethylnaphthalene. These

exceptionally high values of k18c were thought to be the result of

enhanced spin-orbital (SO) coupling brought about by steric distor-

tion of the planirity of the naphthalene nucleus. This distortion

from planarity was thought to induce rehybridization of the skeletal

naphthalene carbons to include more 0* character and less n character.

The increase in kisc’ then, was viewed as being due to enhanced

mixing of nn* and nn* states. The results of this investigation

are consistent with the results of this previous investigation.
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The order of increase of knr (Table 33) relative to naphthalene for

dimethylnaphthelenes is 2,3 < 1,5 < 1,8. It is not unreasonable in

the 1,5-case that there may still be significant peri-interactions

between the a-methyl and a-hydrogen. Thus, the decrease in knr

relative to crown observed for complexation of Rf by the l,8-crown

and the subsequent increases relative to the Rf complex for complexa-

tion of Rb+ and Cs... could be explained in terms of variations in the

amount of distortion produced by complexation of various cations.

This view would be supported by the CMR evidence cited above,83

which suggests that there are larger changes in dihedral angles for

theIL8-crown than for the 2,3-crown. But these changes in knr

could just as well be explained in terms of shifts in energies for

the states involved in intersystem crossing. Other decreases in

rate constants due to complexation followed by increases for com-

plexation of other metal cations have been previously noted.

The preceding discussion of effects due to complexation of

cations by crowns 1, 2, and g_is summarized in Figure 69. The ef-

fects relative to free crown for complexation of K+ and Cs+ by crowns

l, g, and g are indicated by arrows, the length of which indicates

(to scale) how the ratio of the rate constants for perturbed and un-

perturbed crown differ from unity (the larger rate constant was

taken as the numerator in each case). An arrow pointing up indicates

that the rate constant for perturbed crown increases. For perturba-

tion by Rf, a light cation, real but not overpowering changes in all

rate constants occurs. Each crown and each rate constant responds

differently; i.e., no two rows and no two columns agree even as to
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the direction of the cation induced changes. However, for perturba-

tion by Cs+, a heavy cation, each of the rate constants involving

intersystem CTOSSiflS. knr’ k and kdt are increased by cationp:

perturbation for each crown. The magnitudes of the increases are

much larger for Cs+ perturbation of the 1,5-crown than for the 1,8-

or 2,3-crown. The results for Cs+ perturbation warrant several

important conclusions. First, it can be concluded that there is a

HAE for Cs+ perturbation of all three crowns, since each of the rate

constants for a spin-forbidden process are increased in each case,

although by different amounts. The fact that there is a large dif—

ference for Cs+ perturbation of the 1,5-crown and the 2,3- or 1,8-

crown implies that the magnitude of the change is not a function of

substituent induced changes which obfuscate HAE's but are a function

of whg£g_and Egg the cation is held relative to the naphthalene

chromophore. This difference in magnitude of the effect, however,

does 335 establish that there is a directional dependence for the

external HAE, since the distance and position of the complexed cation

may vary from cation to cation (see below). Also, as prefaced in the

introduction, the methylene units inserted between the naphthalene

nucleus and the crown ether oxygen for the purpose of electronic

insulation prevent the perturber from approaching the edge of the

chromophore as closely as it could if there were hydrogen substi-

tuents instead. It can be concluded, however, that approach of a

heavy atom perturber to the edge of a substituted naphthalene chromo-

phore results in much less effective perturbation than if the perturber

approaches the n-face.
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Conclusions for validity of Studying Excited State Perturbation via

Complexed Perturbers

General conclusions concerning the validity of the prOposed

method for studying excited state perturbation gig complexed metal

ions are summarized below. These conclusions are drawn from both

rate constant and from spectral comparisons.

Spectral comparisions suggest that perturber induced changes in

rate constants for all three crowns might be comparable, since 1)

all phosphorescence spectra were seen to be similar; 2) the S1

absorption bands and fluorescence spectra for l,8- and 1,5-disubsti-

tuted naphthalenes were found to be very similar; and 3) comparison

of the intensities of 0-0 absorption and 0-0 fluorescence peaks to

those of vibronically induced peaks suggest that the main effect of

substitution is to change molecular symmetry without enhancing vibronic

coupling. Spectral comparisons also suggested that even if perturber

induced changes in rate constants aren't comparable for different

crowns, that at least all results for a given crown should be com-

parable, since all spectra of a given type are very similar for a

given crown regardless of the perturber.

Rate constant comparisons within and between the 2,3—, l,8-,

and l,5- series of naphthalene derivatives and complexes suggest that

changes due to cation perturbation are not merely the result of modi-

fication of substituent effects, since 1) changes introduced by

cation perturbers are as large or larger than those due to substi-

tuents; 2) there is a general tendency for most alkali metal cations

to increase kn k , and kdt for all three crowns; although 4) the
r’ p
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changes in kdt for cation perturbation for the 2,3- and l,8-crown

were shown to correlate with A(ET1 - 30) except for Cs+ perturbation

of the 2,3-crown (and Ba++ perturbation of the l,8-crown); 5) changes

in knr for the 2,3— and l,8-crown may also depend on A(Es1 - Tl)’

although no correlation of A(ES1 - T1) was found; 6) changes in

knr for cation perturbation of the 1,8-crown may reflect variable

peri-interactions; 7) energy shifts are smaller for cation perturba-

tion of the 1,5-crown, and no correlation of kdt or any other rate

constant with energy differences were found; 8) A(ES1 - T1) and

A(ET1 - so) were found to correlate with the polarizing strength

of alkali metal cation perturbers; 9) although an oxygen substituent

effect is observed for knr and kp of all three crowns (except kp

for the 2,3-crown), the importance of non-bonded oxygen interaction

with the naphthalene n-system is discounted on the basis of common

trends for cation perturbation on rate constants for all three

crowns and on the basis of indications from room temperature CMR

studies; 9) there is an increase in knr’ kp’ and k for 03+ per-

dt

turbation of all three crowns; and 10) the difference in magnitude

between Cs+ perturbation of the 1,5-crown and the 2,3- and l,8-crown

implies that the effectiveness of the perturbation depends on where

and how the cation is held.

Validity_of Method Used for Study of Perturbation Due to Alkyl Halides

via Complexed Haloalkylammonium Chloride Salts

The discussion now turns to a consideration of the perturbing

effects of complexed haloalkylammonium chlorides in terms of the
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perturbing effects due to complexation of the ammonium function. The

effects of these two different kinds of perturbations have to in some

way be separable in order for any conclusions about the perturbation

due to the alkyl halide portion of the molecule to be drawn. The

proposed procedure is to compare the effects due to alkylammonium

perturbation to those due to haloalkylammonium perturbation. Ef-

fects due to alkylammonium perturbation are of interest in themselves

but will assume here only an ancillary role in considering the ef-

fects due haloalkylammonium perturbation.

Estimates of kf, knr’ kp, and kdt for alkylammonium and halo—

alkylammonium complexes of crowns 1, 2, and a are presented in

Tables 37, 38, and 39, respectively. If estimates are available

(Tables 37 and 38) for all alkylammonium complexes of crowns l

and 2, so calculation of rate constants for these complexes requires

no assumptions other than k is negligible (see introduction section
ds

on excited state processes). Tf is not known for the NH4C1 and 27

propylammonium complexes of crown %, but changes in the intensities

of the 81 bands of the complexes relative to free crown g are small,

so it is not likely that kf for the complexes is much different than

kf for the free crown (vide infra). This assumption is also reason-

able in view of the fact that ¢f, ¢p’ and T of these complexes are

P

not very different from those of free crown (see Table 25). There-

fore, knr for these complexes was calculated assuming that kf -

3.3 x 106 (same estimate as for free crown). Comparison of Table

39 with Tables 37 and 38 will show that crown a is the crown that

is least perturbed by complexation with NH4C1 or BTPINHBCI, a sur-

prising result.
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Table 37. Estimates for Rate Constants of Excited State Processes

of 2,3-Naphtho-22-Crown—6 ) and Ammonium, Alkylammonium,

and Haloalkylammonium Chlor de Complexes of Crown 1 in

Alcohol Class at 77 K.8

 

 

 

System kfxlO“6 knrxlo-6 kpxlO2 kdt

2,3-Cr-6 (1) 2.8 7.9 2.4 0.33

1 + NHACl 1.8 9.7 3.6 0.32

l + n-PrNHBCl 1.9 15 3.7 0.38

l + i-PrNH3Cl 1.9 8.4 3.0 0.30

1 + t-BuNH3Cl 2.2 7.3 2.9 0.29

,1 + Br(CH2)2NH3C1 —- 10b 14c 1.3C

l + Br(CHZ)3NH3C1 --- 17 12 0.88

1 + I(CH2)2NH3Cl -- 65 51 4.3

,1 + 1(0112) 31111301 --- 34 23 2.8

 

 

a .

All rate constants in terms of sec 1.

knr for haloalkylammonium chloride complexes calculated assuming

kf - 2.0 x 10'6 (see text).

ckp and kdt for haloalkylammonium chloride complexes calculated using

shorter phosphorescence lifetime from double exponential analysis.
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Table 38. Estimates for Rate Constants of Excited State Processes

of l,8-Naphtho-21-Crown-6 ) and Ammonium, Alkylammonium,

and Haloalkylammonium Chlor de Complexes of Crown,2 in

Alcohol Class at 77 K.8

 

 

6 6 2

 

 

 

System kfxlO knrxlo kpxlO kdt

1,8-Cr-6 (2) 2.4 20 3.5 0.38

g + NH401 3.2 15 3.5 0.55

g + n-PrNH301 3.5 16 3.3 0.56

g + i-PrNH3C1 3.2 15 3.4 0.49

,2 + t-BuNH3C1 2.2 17 3.3 0.38

b c c
g + Br(CH2)2NH3Cl 3.6 15 5.3 0.82

g + Br(CH2)3NH3Cl 3.5 15 4.9 0.82

g + I(CH2)2NH3C1 —- 19 7.1 0.93

g + I(CH2) 31111301 -- 18 4.6 0.79

éAll rate constants in terms of sec-1.

bknr for haloalkylammonium chloride complexes calculated assuming

kf a 3.5 x 106 (see text).

ckp and kdt for haloalkylammonium chloride complexes calculated using

shorter phosphorescence lifetime from double exponential analysis.
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Table 39. Estimates for Rate Constants of Excited State Processes

of l,5-Naphtho-22-Crown-6 ) and Ammonium, Alkylammonium,

and Haloalkylammonium Chlor de Complexes of Crown,3 in

Alcohol Class at 77 K.8

 

 

 

 

 

'6 -6 2
System kfxlo “an10 kpxlo kdt

1,5-Cr-6 0%) 3.3 25 8.2 0.37

,3 + NH4C1 --- 28b 8.6 0.37

3 + n-PrNH3C1 -- 26 10 0.37

,3 + Br(CH2) 21~m3c1 --- 50 22c 1.00°

3 + 3::(0112) 31111301 -—-- 42 27 0.73

,3 + I(CH2)2NH3C1 --- 290 82 4.7

3 + I(CH2)3NH3C1 --- 220 56 2.9

gAll rate constants in terms of sec-1.

bknr for all complexes calculated assuming kf a 3.3 x 106 (see text).

ckK and kdt for haloalkylammonium chloride complexes calculated using

3 orter phosphorescence lifetime from double exponential analysis.
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The assumptions used to arrive at the rate constant estimates

given for the haloalkylammonium complexes requires somewhat more

comment. As noted in the results section on lifetimes, none of the

fluorescence or phosphorescence decay curves for haloalkylammonium

complexes (with the possible exception of the fluorescence decay

from the bromoalkylammonium complexes of crown,%) are of good single

exponential decay charaCter. This is not surprising, since one would

expect single exponential decay only if one kind of perturbed species

were present. Given the conformational freedom of the alkyl

chain, one would not expect the halogen of the alkyl halide portion

of the salt to always be in the same position relative to the

chromophore unless there were sufficient attractive interaction

between the halogen and the naphthalene n-system to compensate for

loss of entropy. Thus, one would expect that the observed decay

to be a composite of several decays, since each position of the halo-

gen relative to the chromophore might give a different decay, unless

there were no directional or distance dependence for the external

HAE.

Given the limitations of multi-parameter fits and the quality of

the data, no more than double exponential decay fits were possible

(see results section). But the estimates from such fits for the

decay curves from haloalkylammonium complexes are reasonable. Com-

parisons of triplet lifetimes for alkylammonium complexes (all from

good single exponential fits, Tables 23, 24, 25) to the longer life-

time estimates from the double exponential fits for the haloalkyl-

ammonium complexes (Table 31) shows that the latter are about what
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one would expect for an alkylammonium complex. For crown 3, Tp

for alkylammonium complexes ranges from 2.4 to 3.1 sec.; the longer

Tp estimate for the haloalkylammonium complexes range from 2.3

to 3.0 sec. For crown a, Tp for alkylammonium complexes ranges

from 1.7 to 2.4 sec.; the longer 1 estimates for the haloalkylamr

P

monium complexes range from 2.3 to 2.8 sec. For crown 3, Tp is

2.1 and 2.4 sec for the NHACl and n-PrNHBCl complexes, respectively;

the longer Tp estimates for haloalkylammonium chloride complexes

range from 1.2 to 2.3 sec. Therefore, a reasonable interpretation

of the data is that the halogen atom is sometimes too far away and/or

in the wrong position relative to the chromophore for effective per-

turbation. Thus, it appears reasonable to assume that the species

responsible for the long I is similar to an alkylammonium complex.

P

It does not seem possible, however, to put a reasonable limit on

the number of short decays present. However, the shorter Tp esti-

mates given by the double exponential analyses are reasonable, howb

ever. For haloalkylammonium complexes of crowns 3 and 3, the

shorter Tp estimates for the iodoalkylammonium complexes are three

to five times shorter than for the bromoalkylammonium complexes.

This is as should be, since alkyl iodides are better heavy atom

perturbers than alkyl bromides. Also, the estimates for the

bromo- and iodoalkylammonium complexes (1.0 and 0.2 sec., respec-

tively) are similar to the first "half-life" estimates for perturba-

tion of naphthalene by propyl bromide and iodide glasses at 77 K

3
(0.14 and 0.076 sec., respectively).1 (First "half-life" is defined

as the time required for the intensity to drop to one-half its
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initial intensity). While this method of analysis neglects the multi-

exponential character of the decay, it was found that the lifetimes

obtained were in good agreement with estimates from the initial slope

of a plot of the logarithm of intensity versus time.) The estimates

from this investigation may be somewhat longer because there is

essentially only one heavy atom in the vicinity of the chromophore,

whereas in a heavy atom glass the chromophore is surrounded by heavy

atom containing molecules.

The estimates for the shorter lifetimes for the haloalkylammonium

complexes of crown £ are about the same for both bromo and iodo

analogs and for both chain lengths. This must mean that the halogen

is oriented in such a way relative to the chromOphore such that its

interaction is less effective. This result does not mean that l,8-

disubstitution interferes with the effect of the heavy atom, since

ethyl bromide is found to perturb both crown % and alkali metal com—

plexes of crown 2’.

If the decay curves could accurately be analyzed accurately for

several decay rate constants and for the fraction of the total decay

associated with each constant, quantum yields for each decay could

be found assuming that all species have the same extinction coef-

ficient. The estimated fraction of the total decay due to the faster

decays ranges from 0.5 to 0.8. These estimates are probably good

enough to warrant the conclusion that most of the decay is from

species perturbed by the alkyl halide portion of the haloalkylame

monium cations but probably not good enough to warrant adjustment of

quantum yields before rate constant calculations. The proposed
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procedure for calculation of rate constants is to use the shorter

lifetime estimates and quantum yields uncorrected for contributions

from the longer decay. This procedure will tend to underestimate

rather than overestimate changes in rate constants relative to un-

perturbed crown.

This approximation will be best for the haloalkylammonium com-

plexes of crown‘z, since ¢f and op don't change very much relative to

what they are for the alkylammonium complexes (compare Tables 24 and

27), yet the shorter decay is estimated to account for most of the

decay. In general, but especially applicable to crowns k and,3,

decreases in ¢f due to heavy atom perturbation will be underesti-

mated, so (assuming kf doesn't change much, see below) increases

in kn: will be underestimated. Increases in ¢p will be underesti-

mated, so increases in kp will be underestimated. kdt is generally

about 102 larger than kp’ so kdt won't be affected very much (kdt -

Tp-l - kp).

Under the usual assumption that the HAE affects the rate constants

of spin forbidden processes the most, it will be assumed that kf

is not affected very much by the external heavy atom. (Note, however,

that kf is the rate constant most affected by Cs+ perturbation of crown

3). For crown %,and 3, however, it is known that kf is changed by

complexation of alkylammonium cations. Tables 37 and 38 show that

kf is practically invariant for NH4C1, n—PrNH3C1, and i-PrNH3Cl

complexes of crown 1 (kf about 2.0 x 106). The fluorescence decays

of the haloalkylammonium complexes of crown 3 appears to be double

exponential, but the estimates are rough (see results section).
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It was preferred to calculate knr for this series of complexes using

the same value of kf in all cases rather than to have the values for

the bromo analogs reflect experimental and analytical uncertainty and

to have the values for the iodo complexes reflect the uncertainty of

a guess. So knr for these complexes was calculated assuming kf -

2.0 x 106, a typical value for an alkylammonium complex.

kf is also practically constant for the alkylammonium complexes

6 to 3.5 x 106; see Table 38).of crown % (kf ranges from 3.2 x 10

The fluorescence decay for the B- and y-bromo analogs gave a better

single exponential analysis than double exponential analysis (see

results). kf calculated using the If estimate from single exponen-

tial analysis gives an estimate in either case of about 3.5 x 106

sec-1. Which is about the same as kf for an alkylammonium complex.

So k c for the iodoalkylammonium complexes of crown g'was calculated
is

assuming kf - 3.5 x 106. Note that it is possible that fluores-

cence and phosphorescence decay might not both be multi-exponential

at is affected

by the perturbation. The results for the bromoalkylammonium com-

in character, depending upon how knr vis-a-vis kp or k

plexes 0f crown % suggests that knr is not greatly affected by the

external heavy atom but kp and/or kdt are, since the fluorescence

decay appears to be single exponential but the phosphorescence decay

multi-exponential.

Haloalkylammonium cations complexed by crown g'do seem to have

some effect (perhaps due to the presence of the external heavy atom)

which is different than would be predicted on the basis of changes

in (ET1 - so). It appears that there is a good linear correlation
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(R - 0.97) between log kdt and A(ET1 - so) for alkylammonium complexes,

but that log k is either independent of A(ET1 - so) for the halo-
dt

alkylammonium complexes or that two of the points for the haloalkyl-

ammonium complexes fit the same correlation as for the alkylammonium

complexes but that two of the points don't (see Figure 70).

For the alkylammonium complexes of crown,3, kdt appears to 227

£££é§2.33 the energy separation A(ET1 - 30) increases. The excep-

tion in the case of n-PrNH3Cl may be explained by noting that, al-

though the 0-0 phosphorescence band is blue shifted, that all other

peaks are red shifted (Figure 32). Thus, the larger value of kdt

than would be expected based on A(ET1 ' so) estimated from the 0-0

band may be because higher vibrational states of So are brought

closer to T1 by red shifts. For the haloalkylammonium complexes

of crown 3, log kdt is either independent of A(ET1 - so) or decreases

much more rapidly as a function of increasing A(ET1 - 50) than for

other plots of log kdt versus A(ET1 - so) (R B 0.97; see Figure 66

and 70). Note that the 0—0 peak (used to determine AE(T1 - SO) in

Figure 70) is blue shifted by haloalkylammonium perturbation but

that the rest of the peaks are red shifted (Figure 38). Since this

is also true for n-PrNH3C1 perturbation, the halogen itself does

not appear to be the cause of the shifts.

Method for Consideration of Perturbation by Ethyl Bromide Containi§g_

Glass

Calculation of rate constants from observed values of ¢f, ¢p’

and Tp for perturbation by ethyl bromide-ethanolmethanol (1:4:1, v/v)
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glass would not be meaningful, since the observed quantities are

probably complicated composites arising from different values due to

different relative orientations and distances between the perturber

and the perturbed chromophore. As is usually done for this kind

of study, conclusions will be drawn based on the way in which ratios

of quantum yields and ratios of lifetimes (Tp) change. Ratios in

Table 40 are given so that all ratios increase as a function of per-

turbation in order to make comparisons of relative decreases and

increases easier. The ratio of ¢f in alcohol glass to ¢f in ethy1

bromide (EtBr) containing glass (¢f,o/¢f,EtBr)’ ¢p in EtBr containing

glass to ¢p in alcohol glass (¢p,EtBr/¢p,o) and T in alcohol glass

P

to Tp in EtBr containing glass (1 ) are tabulated in Table
p,o/Tp,EtBr

40 for naphthalene, crowns &, z, and 3, and alkali metal complexes

of these crowns.

The Tp,EtBr values used are the shorter lifetime estimates from

a double exponential analysis (see Table 32). Longer lifetime

estimates are in the neighborhood of 1 sec except for complexes of

crown 2 and the Cs+ complex of crown 3. In the latter case, the

decay is better represented by a single exponential analysis than

double. The longer lifetime estimate for naphthalene perturbed by

EtBr (0.72 sec) is similar to a literature estimate for naphthalene

(1.14 sec) in ethanol-ethyl bromide (4:1, v/v) glass at 77 K which

was based on the "first half-life" of the decay (vide infra).53

The shorter lifetime estimate for naphthalene (0.042 sec) is similar

13
to a literature estimate (0.14 sec) in propyl bromide glass at 77 K

which was also based on the "first half-life". Thus the analytically
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Table 40. Estimates for Ratios of Fluorescence (¢f o) and Phosphor-

’

escence (¢p 0) Quantum Yields and Phosphorescence Life-
9

times (TP 0) in Alcohol Glass to the Corresponding Quantum

,

Yields (¢f,EtBr and ¢p,EtBr) and Lifetimes (Tp,EtBr) in

Ethyl Bromide-EthanoléMethanol (1:4:1, v/v) Glass at 77 K.

 

 

 

¢f,o ¢p,EtBr Tp,o a

System d>f,EtBr ¢p,o Tp,EtBr

Naphthalene 4.0 12.7 60

2,3—Cr—6 (3) 1.5 3.8 20

l + KCl 1.8 3.4 15

1 + CsCl 1.5 2.4 14

l,8—Cr-6 (2) 2.0 2.3 46

g + KCl 1.7 2.8 110

g + CsCl 1.8 2.2 46

l,5-Cr-6 (3) 1.6 1.9 14

3 + KCl 1.4 1.8 13

3 + RbCl 1.2 1.33 7

g + CsCl 1.0 1.00 1.3

 

 

an EtBr is shorter lifetime estimate from double exponential analysis.

9
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obtained estimates of lifetimes for naphthalene as perturbed by

EtBr are in good agreement with literature precedent.

The discussion now turns to a consideration of the questions

posed in the preamble to the discussion.

Directional Dependence of External Heavy Atom Effect

It had initially been hoped that differences in metal cation

perturbation of crowns 3,,%, and 3 would provide an experimental

demonstration of the directional dependence or lack thereof for

external perturbation. As pointed out above, there are at least

two factors which cloud such a demonstration by these model systems:

1) the steric blocking due to the naphthylic methylene units in

crowns l and 2, and 2) the indeterminacy of the position of cations

complexed by crowns 3, z, or 3. The results of perturbation by Cs+

and Ag+, however, shows that there is either a strong directional

and/or distance dependence for external perturbation by metal cations,

since the effects of perturbation by Cs+ or Ag+ on crown 3 are much

larger than those for crowns 3 or g.

The strongest piece of evidence for a directional dependence for

the external HAE comes from perturbation of naphthalene and crowns

3, £3 and 3 by ethyl bromide containing glass (ethyl bromide-ethanol-

methanol (l:4:l)) at 77 K. Table 40 shows that naphthalene is more

perturbed (iygy, quantum yield and lifetime ratios are changed the

most) by EtBr than any of the crown substituted naphthalenes.

Crowns,3 and,% are perturbed by EtBr to roughly the same extent, but

crown 3, for which the crown ring passes over the n-face, is least
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perturbed. This is the best direct experimental demonstration to

date to this writer's knowledge that an aromatic hydrocarbon like

naphthalene is most susceptible to external perturbation in the

vicinity of the n-face. As indicated in the background section on

the HAE (see introduction), other authors have thought this to be

the case, based on various experimental indications, but have not

been able to directly demonstrate it.

The results of perturbation of crown 3 by complexed haloalkyl-

ammonium salts also provides evidence that the w-face is most sus-

ceptible to a heavy atom perturber. Table 39 shows that knr’ kp’

and kdt are larger in each case for the B-haloalkylammonium complexes

than for the y—haloalkylammonium complexes (kp is approximately the

same for the y- and B—bromoalkylammonium complexes. This difference

in behavior is consistent with the conclusion that the n-face is most

susceptible to the external HAE, since, given the geometric con-

straints imposed by crown 3, the halogen on the three carbon chain

can't attain the same degree of proximity to the n-face as can the

halogen on the two carbon chain without the alkyl chain assuming a

much more strained conformation.

For the haloalkylammonium complexes of crown 3, k
nr’

kp, and kdt

are generally larger for the B-haloalkylammonium complexes than for

the y-haloalkylammonium complexes (kp is about the same for the

B- and y-bromo cases and knr is larger for the y-bromo than for the

B-bromo). This is not what one might expect for this crown, since

in this case the halogen on the longer chain should be able to reach

out over the fl-face better than the halogen on the shorter chain.
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Corey-Pauling-Katum (CPK) models show that for crown 3, the halogen

on the two carbon chain can just reach the edge of the n-system,

whereas the halogen on the longer chain can reach out further over

the n—face. The fact that larger effects are not observed for

the n-halo analogs does not contradict the conclusion reached for

the haloalkylammonium complexes of crown.3. The spatial constraints

imposed by crown,3 for a complexed haloalkylammonium salt are dif-

ferent from those imposed by crown 3. For crownl3, the halogen is

more likely to be in the vicinity of the n-face for either the long

or the short chain, since the site of complexation of the ammonium

group is over the face, although the longer chain tends to keep the

halogen closer to the outer edge of the n-system. An indication of

this greater likelihood is that kp and kn: for a haloalkylammonium

complex of crown 3 are larger than for the corresponding complex of

crown 3. For crown 3, the site of complexation of the ammonium

group is on the side of the naphthalene nucleus. Barring attrac-

tive interactions between the halogen and the n-system, the likeli-

hood of the halogen being in the vicinity of the n-face will be

governed mainly by statistics. As the chain length increases, the

number of conformational degrees of freedom increase, and the

probability of the halogen being in the vicinity of the n-face

decreases. In fact, the smaller effects observed for the fi-halo

analogs suggests that any enthalpy gain due to attractive interactions

between the halogen and the n system has to be less than the entropy

loss which would be required.

For haloalkylammonium complexes of crown 3, knr’ kp, and kdt
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are not much larger than for the alkylammonium complexes (Table 38).

This is an indication of either a strong distance or directional

dependence for the external HAE. (This also suggests that there is

very little tendency for the halogen atoms of the haloalkylammonium

salts to be near the naphthalene nucleus.)

Distance Dependence of the External Heavy Atom Effect

Both exchange and CT mechanisms for the external HAE are pre-

4 distance dependence (where S is an inter-dicted to show an S

molecular molecular orbital overlap62). Therefore, one would expect

the external HAE to be subject to a very sensitive distance depend-

ence. Other studies have experimentally indicated that there is a

distance dependence (see background section of introduction) but

weren't able to specify the degree of sensitivity. Results from

this investigation also indicate a distance dependence. Although

no precise formulation for how the magnitude of the effects vary

as a function of the distance between the perturber and perturbed

chromOphore will be possible, the fact that relative spatial orienta-

tions are better known than for other investigations will allow some

qualitative observations on the sensitivity of the effect as a func-

tion of distance to be made.

Results from the CMR work previously referred to83 indicate that,

for a given crown, the position of the center of positive charge is

about the same for all alkali metal complexes. The evidence for

this is that all alkali metal cations induce very nearly the same

change in the chemical shifts of the naphthalene carbons for a given
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crown (the shifts are somewhat more variable for l,8-Cr-6 (3)).

The same is true for the alkaline earth metal cations, but the magni-

tudes of the changes in CMR shifts are larger than those induced by

the alkali metal cations. Also, for 2,3-naphtho-l7-crown-5 (2,3-

Cr-5) and for l,8—naphtho—18—crown-5 (l,8~Cr—5), the magnitude of

the changes induced by alkali metal cations are larger than for 2,3-

Cr-6 (3) or l,8~Cr-6 (3). These results show that the chemical

shifts of the naphthalene carbons are a function of the magnitude

and position of the center of positive charge. Changes in the

chemical shifts of the ether carbons induced by complexation of

metal ions are consistent with either small conformational changes

or with small adjustments of the center of positive charge. On the

basis of the evidence from the changes in the chemical shifts of the

naphthalene carbons, it is thought that the former interpretation is

correct. Thus, if the center of positive charge is in roughly the

same place for all alkali metal complexes of a given crown, then the

smaller cations will be further away from the chromophore. The

smaller effects due to perturbation of a given crown by light cations,

then, might in part be because the higher cations (Na+ and K+)

are smaller than the heavier cations (Rb+ and 09*).

Perhaps the best indication that the less effective perturbation

by light cations is due in part to having their regions of electron

density (but perhaps not their nuclei) further away from the chromo-

phore comes from alkali metal cation perturbation of crownl3. For

typical internal or external HAE for a series of heavy atom perturbers,

it has been found that there is a linear relationship between the
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logarithm of the perturbed rate constant and the logarithm of the

5 It was thoughtsquare of the spin-orbital coupling parameter (E).8

that the rate constants for alkali metal cation perturbation might

show such a correlation. But no such linear relationship was ob-

served for log kn: or log kp versus log 52. The plots show a dis-

proportionately large increase in log k as function of log g2 for

Cs+ perturbation of crownl3. This suggests that the other alkali

metal cations are less effective perturbers than would be expected.

The most reasonable explanation for this seems to be that smaller

cations are held with their van der waals radius further away from

the chromophore.

If this explanation is correct, then one would expect, say, Rb+

to be a more effective perturber of l,5-naphtho-l9-crown-5 than 1,5-

naphtho-ZZ-crown-6 (3). This smaller 1,5-crown has been synthesized,

but the effects of alkali metal cation perturbation have not yet been

investigated. Alkali metal cation perturbation of smaller 2,3- and

l,8-crowns (2,3-naphtho-l7-crown-5 and l,8-naphtho-l8-crown-5)

has been investigated. Cs+ was found to be a more effective perturber

of 2,3-Cr-5 than of 2,3-Cr-6 Q3) (i.e., knr’ k , and kdt all increased

P

more in former case than in latter). (Note, however, that Cs+ forms

complexes with Cs+ :crown - 1:2 stoichiometry, since the break in the

titration curve is at the Cs+:crown - 1:2 point. It is not known

whether or not a 1:1 complex is formed at higher Cs+:crown ratios,

since no further break in the titration curve is observed. The

more effective perturbation of the smaller 2,3-crown may be because

the Cs+ cation might be complexed in such a way that it is positioned
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above the plane of the naphthalene nucleus and in closer proximity

to the fl—system.) Cs+, however, is a less effective perturber of

l,8-Cr-5 than of l,8-Cr-6 (3). Given what has been learned, one

would expect different size 1,5-crowns to be more useful in discern-

ing distance effects than different size 2,3- or l,8-crowns, since

the latter have the steric interference due to the naphthylic methylene

groups.

A rough estimate of the degree of sensitivity of external heavy

atom perturbation as a function of distance can be made from the

deviation from linearity of the log k versus log 52 plots for k,

k , and k
p dt Of crown‘3 as Perturbed by complexed alkali metal cations.

Assuming that the center of charge is in the same place (which could

be the case based on CMR work with crowns 3 and 3), then Rb+ would

be 0.21 A further from the n-system than C8+. (Because of the

rigidly and widely spaced naphthalic oxygens of the 1,5-crown, it

is also possible that the cations would tend to associate with the

oxygens in the more flexible part of the ring.) Assuming that the

perturbation due to Na+ would be small in any case (like an alkyl

fluoride) and connecting the points for Na+ and Cs+ on the log-log

plot by a straight line, then knr and kp for K+ (0.36 A smaller than

Cs+) and Rb+ perturbation are three to five times smaller than would

be predicted by the straight line. This suggests that even a few

tenths of an angstrom difference in distance can greatly decrease

the effectiveness of an external heavy atom perturber.
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Effects of the Positive Charge of the Perturber

83 show that all alkaliAs has already been indicated, CMR studies

metal cations complexed by 2,3—Cr-6 or l,8-Cr-6 cause shifts in

n-electron density that are similar for a given crown, but that

cations complexed by l,5-Cr—6 cause smaller shift in electron density.

This shows that the positive charge, independent of any other proper-

ties of the cation, can perturb the chromophore, but that these shifts

in electron density are unrelated to the observed changes in rate

constants, since different cations have different effects on rate

constants of excited state processes, but all ions of the same charge

cause similar shifts in n—electron density (in the ground electronic

state, anyway).

The fact that light cations (Na+ and K+) induce only small changes

in rate constants argues against any large perturbation due to the

charge itself. The results of alkylammonium perturbation provide

another indication that the mere presence of a center of positive

charge has little perturbing effect on the rates of excited state

processes. What is perhaps most surprising is that complexation of

positively charged species in the vicinity of the n-face yga Crown

3 has little perturbing effect.

It had initially been thought that a comparison of perturbation

by Cs... and Ba++ might provide an indication of the role (if any)

+ and Ba++ have similarof the positive charge of the perturber. Cs

nuclear charges, so it is thought that they might both be capable

of inducing similar enhancements of spin-orbital coupling. All

other things being equal, any differences in their perturbations
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would be ascribable to their difference in ionic charge. Unfor-

tunately, other things are not equal, since Ba++ is smaller than

and less polarizable than Cs+. The fact that Ba++ is a much less

effective perturber of crown,3 than Cs+ is a striking result (see

Table 36). But this may be due to the fact that Ba++ is smaller than

Cs+ (more similar in size to K+) and, therefore, it may be complexed

in such a way that it is much further away from the n-face than is

Cs+ (see above under distance effects). Alternatively, Ba++ is not

as polarizable as Cs+, and it is possible that the degree of polariz-

ability as well as the magnitude of the nuclear charge determine an

atom's effectiveness as an external heavy atom perturber. Thus, it

is thought that HAE due to rare gas matrices are a function of their

physical polarizability, since chemical interaction is thought to

be unlikely.86 Perturbation of a smaller 1,5-crown by Ba++ would

perhaps indicate whether its ineffective perturbation of crown,3 is

a function of its smaller size vis-a-vis distance or of its lower

polarizability.

Comparison of perturbation of crown 3 by Cs+ and by Ba++ (Table

34) shows that, for this crown, Ba++ is as effective as Cs+.

kf is perturbed somewhat less by Ba++ than by Cs+ (3-fo1d decrease

versus 5-fold decrease), knr is perturbed more by Ba++ than by

Cs+ (2-fold increase versus 0.5-fold increase), and kp and kdt are

perturbed to approximately the same extent. Ba++ has about the same

effect on crown,3 as does Cs+, but note that (vide supra) k as

dt

perturbed by Ba++ does not correlate with A(ET1 - 30), whereas kdt

as perturbed by Cs+ does (see Figure 66). These results for crowns
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,3 and,3 show that Ba++ and Cs+ are similar and yet different per-

turbers, but it is not possible to say from these results which dif-

ferences in properties of Ba++ and Cs+ account for the differences

in perturbation. The greater similarity between Ba++ and Cs+ per-

turbation of either crownsl3 or,3 as compared to the great dissimilarity

between Ba++ and Cs+ perturbation of crown 3 may be a function of the

fact that the effects of Cs+ perturbation in the former cases is much

smaller than in the latter case.

Necessity of Charge Transfer States for the External HeavyaAtom

Effect

As indicated in the background section on the heavy atom effect

(HAE). McGlynnS8 concludes that it is theoretically difficult to

choose between an exchange and a charge transfer (CT) mechanism for

the external HAE. He prefers a CT mechanism based on various experi-

mental indications; however, his interpretations and arguments

were criticized in the background section both on the basis of

observations by other investigators and on logical grounds.

The results of this investigation show no spectral evidence for

charge transfer character except perhaps in the case of the Ag+

complex of crown,3 (vide infra).

One of McGlynn's arguments for the involvement of CT character

in the interaction between perturbing alkyl halide and the naphthalene

chromophore was based on red shifts of naphthalene's O-O phosphores-

cence peak induced by propyl halide glasses at 77 K (see background
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section of introduction for fuller description of observations and

arguments made from them). While the observed red shifts cannot be

disputed, the observations of this investigation show that perturba-

tion of crowns'3,’3, andle by haloalkylammonium chlorides do not

induce similar red shifts but do enhance spin-orbital coupling, as

evidenced by increases in knr’ kp, and k This shows that CT,
dt'

as evidenced by red shifts anyway, is not necessarily involved in

SO enhancement by external alkyl halides.

For crownl3, complexation of y-haloalkylammonium salts induces

blue shifts of the T1 0-0 peak relative to free crown similar in

magnitude to those induced by alkali metal and alkylammonium cations.

Also, note that the magnitude of the blue shift for y-bromopropyl-

ammonium perturbation is very similar to that due to Efpropylammonium

perturbation. This indicates that the properties of the bromine

have nothing to do with the shift. It might be argued that the

failure to observe a red shift in the T1 0-0 peak is because the

blue shift induced by complexation obscures a red shift due to CT

interaction with the n-system by the halogen. Indeed, smaller blue

shifts are observed for perturbation of crown 3 by B-haloalkylam—

monium perturbation, which are more effective perturbers of crown 3

than the y-analogs, as has been previously noted. But the blue

shifts are smaller by about the same amount (about 60 cmfl) for per-

turbation by the B-bromo and the B-iodo isomers. A smaller blue shift

should have been observed for perturbation by the B-iodo isomer if

88
CT was involved. McGlynn noted a red shift of 325 cm"1 for

propyl iodide perturbation and of 155 cm.1 for propyl bromide
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perturbation of naphthalene. Also, as has already been noted, while

haloalkylammonium perturbation of crown,3 red shifts other peaks in

the phosphorescence spectra, so also does EfPrNH3Cl perturbation.

In a similar vein, B-halo perturbation of crown,3 red shifts the 82

0-0 absorption peaks by 500 cm-1, so also does ngrNHBCl perturba-

tion.

For crown 3, complexation of all perturbers induces red shifts.

The y-haloalkylammonium are somewhat more effective perturbers of

crown 2 than the.y-halo analogs (see Table 38), but they induce

smaller red shifts. It might be argued that this is because the

halogen is not in the right position to form a CT complex with the

n-system, which may be true, but these perturbers do increase knr’

kp, and kdt’ though less so than for perturbation of crowns 3 or

3. But this is another indication that 80 coupling does not require

a CT complex.

For crown 3, which is the crown most effectively perturbed by

complexed haloalkylammonium cations 3 compare Table 39 to Table 37

and 38), only small blue shifts of the T1 O-O peaks are induced by

complexation of these perturbers, except for a small red shift (30

cm-l) induced by perturbation by the B-bromo analog. But perturba-

tion by NHACl also produces a small red shift (10 cm-l). Most per-

turbers induce only small blue shifts (10 to 40 cmfl). These blue

shifts are small enough so that they wouldn't obscure red shifts of

the magnitude observed by MtGlynn.

It might be argued that the failure to observe red shifts due to

the interaction of the halogen and the n-system is because the
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emission spectra are composites of emission from perturbed and un-

perturbed species. But the results of double exponential analysis

of the phosphorescence decay curves (Table 31) indicate that shorter

decay accounts for 50 to 80% of the total decay. Furthermore, for

crown %’ for which energies change least and perturbation is most

effective, spectral shapes are unchanged by haloalkylammonium

cation perturbation. It is for this case that observation of a red

shift due to CT interaction of the halogen would be least likely to

be obscured by opposing energy shifts due to perturbation due to

complexation or changes in spectral shapes. But red shifts aren't

observed. Therefore, it is concluded that there is no evidence for

CT involvement in mediating the eternal HAE due to complexed halo-

alkylammonium perturbers.

There is a general tendency for complexation of crown % to induce

small blue shifts, but in the case of Ag+ complex of crown‘% every

spectral 0-0 peak is red shifted relative to free crown (see Table

4). This might be taken as an indication that n-molecular orbitals

of naphthalene interact rather strongly, and with net stabilization,

with atomic orbitals of Ag+. This is not unreasonable, since Ag+

is known to form n-complexes.73 Note that Ag+ perturbs knr’ kp,

and kdt of crown,é differently than Cs+. knr appears to be perturbed

to about the same extent by both Ag+ and Cs+, k.p is increased about

60—fold relative to crown versus a lO-fold increase due to Cs+,

and k is increased about 2-fold by Ag+ but about 5—fold by Cs+
dt

(see Table 36). Evidently, depending upon the kind of interaction,

different rate constants may be affected differently. Thus, while
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some external perturbers may form weak CT complexes, it does not

appear that CT character is necessary to the external HAE, since

Ag+ and Cs+ both have external HAE and it is doubtful that much CT

occurs to Cs+ (unfortunately, the reduction potential of Cs+ in 95%

ethanol is not known).

.Effectiveness of External Perturbation as Function of Perturbation

Already Present
 

The results of EtBr perturbation (EtBr-ethanol-methanol (1:4:1,

v/v) glass) of alkali metal complexes of crowns l,‘%, and a nicely

fit with McGlynn's observations for the effectiveness of a given

external heavy atom perturber as a function of the spin-orbital

perturbation already present due to an internal heavy atom. McGlynn13

observed (see background section in introduction for more complete

description) that as the internal spin-orbital coupling increased,

that the ratio of the external effect to internal effect decreases.

Table 40 shows that for alkali metal complexes of crowns l and e,

/T¢p EtBr/¢p 0’ or TP 0 both decrease as the spin-orbital

! 9 9

coupling parameter of the complexed alkali metal cation increases.

p,EtBr

Also, note that the ratio of the external to the internal effect is

smallest for the "internally" most perturbed crown, the Cs+ complex

of crown‘g. ¢f,o/¢f,EtBr (all ratios are given so as to be greater

than 1) decreases less than ¢p,EtBr/¢p,o- This indicates that most

of the change in ¢ 13 due to changes in RP’ not to increases
p,EtBr/¢p,o

in ¢isc (assuming that kf isn't affected and that kd8 is negligible;

see introduction). Note that the only apparent anomoly is for the
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K+ complex of crown %. It is perturbed more by EtBr than are free

crown,% or the Cs+ complex of g. This anomoly may in some way relate

to the decrease in knr caused by Rf perturbation of crown'g (see

Table 35). McGlynn's observations were for covalently bonded per-

turbers. A complexed perturber is most like an external perturber,

but as long as the observations are thought of in terms of the ef-

fectiveness of the external perturber (i.e., EtBr) as a function

of the spin-orbital perturbation already present, be it due to a

covalently bonded perturber, a complexed perturber, or another ex-

ternal perturber, there is really not much difference between the

present study and McGlynn's.

The results in Table 40 (especially the results for crown.§)

are not rationalized by McGlynn's suggestion that external heavy

atom perturbers (EtBr in this case) are more effective when a sub-

stantial amount of SO coupling is already present. If it is assumed

that external 80 coupling, like that caused by Cs+ complexation by

crown Q, is similar in effect to internal SO coupling, the effect

of EtBr on a plus complexed Cs+ should be larger than the effect of

EtBr on a plus complexed Rb+. The opposite is observed. There may

be a sharp difference between internally and externally promoted

SO coupling, or the suggested synergistic effect of internal SO

coupling may not be general.
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Relative Susceptibility of Rate Constants for Excited State Processes

As indicated in the introduction, various investigators have

been interested in the relative susceptibility of rate constants

for excited state processes and different conclusions about which

rate constants are most susceptible have been drawn,89 This isn't

surprising, since this writer sees no reason to expect that conclu-

sions drawn from CT complexes containing heavy atoms,13 for instance,

should have anything to do with alkyl halide perturbation. Indeed,

a major conclusion of this investigation is that the relative sus-

ceptibility of rate constants is a function of where the perturber

is and the nature of the perturber. Since the only chromophores

studied are based on naphthalene, any conclusions reached will not

be assumed to be true for other aromatic hydrocarbons.

Tables 41 and 42 give relative rate constant susceptibilities as

a function of crown and of perturber type. These orders of relative

susceptibilities were derived from Tables 34 through 39 by selecting

the rate constant which was changed most by a perturber of a given

type. Cs+ was the most effective perturber in all cases for the

alkali metal cations except for kf (Rb+) and knr (K+) of crown'%.

‘ngrNH3Cl was usually the most effective alkylammonium perturber.

The most effective haloalkylammonium perturber depends upon the crown

perturbed. Their relative effectiveness was discussed for each

crown in the preceding discussion. Note that when the value of kf

isn't derived from Tf measurements, that knr is not included unless

it is thought that the relative value of Rat would not be much in

error relative to the other rate constants due to the error in the
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Table 41. Relative Susceptibility of Rate Constants of Excited State

Processes of 2,3-Naphtho-20-Crown-6 Cl), l,8-Naphtho—Zl-

Crown-6 (a), and l,5-Naphtho—22-Crown—6 ) to Perturbation

by Complexed Alkali Metal, Barium and Silver Cations in

Alcohol Glass at 77 K.

 

 

 

Crown Perturber Type Relative Susceptibility of Rate Constants

2,3-Cr—6 Q) Alkali Metal kf > up > knr > kdt

l,8-Cr-6 Q) Alkali Metal kdt> kp > kf > km.

l,5-Cr-6 Q) Alkali Metal knr > kp > kdt

2,3-Cr-6 q.) BaH kf z kp ~ km > kdt

l,8-Cr-6 (3,) Ba++ kp ~ kdt

l,5-Cr-6 Lg) Ba++l kp ~ kdt

2,3—Cr-6 q.) Ag+ kp 3 kdc

l,8~Cr-6 (g) Ag+ kp z kdt

l,5-Cr-6 (,3) Ag+ kp > km, >> kdt
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Table 42. Relative Susceptibility of Rate Constants of Excited State

Processes of 2,3-Naphtho—20—Crown-6 (l), l,8-Naphtho-Zl-

Crown-6 (e)’ and l,5-Naphtho-22-Crownr6 ) to Perturbation

by Complexed Alkyl and Haloalkylammonium ations in Alcohol

Class at 77 K.

 

 

 

Crown Perturber Type Relative Susceptibility of Rate Constants

2,3-Cr-6 Cl) Alkylammonium knr > kf z kp > kdt

l,8-Cr-6 (3‘) Alkylamonium kf z kdt > knr > kp

1,5-Cr-6 (é) Alkylammonium knr z kp ~ kdt

2,3-Cr-6 Cl) Haloalkylammonium kp > kdt > knr

l,8-Cr-6 (a) Haloalkylammonium kdt > kp > knr

1,5-Cr-6 (Q) Haloalkylammonium knr z kdt > kp
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"guess" for kf.

While one's initial impression from inspection of Tables 41

and 42 might be that there are no regularities, there are perhaps

some generalities which can be extracted. For the alkali metals,

note that kp is the second most affected rate constant in each case.

kdt is usually least affected, except for perturbed crown g. In—

spection of the rest of Tables 41 and 42 will show that, for crown

%, kdt is generally either the most affected rate constant, next to

it, or, when only kp and k are known well, affected to approxi-

dt

mately the same extent as kp. Perhaps it is the out of plane dis-

tortions due to peri-interactions in l,8-disubstituted naphthalene

which are responsible for this enhancement of radiationless decay

(kp is usually thought to be affected more by the HAE).55

Not enough is known about perturbation by Ba++ to allow much

to be said about its effects relative to Cs+. For crown l, the

curious result that emerges is that kf z kp 3 knr' Also, it is

-H-

curious that kp z kdt for Ba perturbation of both crown l and %.

Perturbation of crowns l and g by Ag+ also affects kp and kdt to

approximately the same extent.

For haloalkylammonium perturbation of crowns l, g, and 3’ it

is curious that the relative order of knr’ kp, and kd

for each crown. For crown a, the crown that is most affected by

t is different

haloalkylammonium cation perturbation, the nonradiative modes, knr

and kdt’ are enhanced more than the radiative modes, kp. For crown

% kdt is observed to be perturbed most, as was also noted to be the

case with alkali metal perturbation. For crown l, kp (radiative
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mode) is affected more than either of the nonradiative modes by halo-

alkylammonium perturbation.



EXPERIMENTAL

General Procedures

Melting points were determined using a Thomas-Hoover apparatus

(capillary tube) and are uncorrected. Mass determinations were done

on a Mettler HZOT analytical balance (1.01 mg). Infrared spectra

were recorded on a Perkin-Elmer 237B infrared grating spectrophotom-

eter. 1H NMR spectra were determined on a Varian T-60 spectrometer

using tetramethylsilane as an internal standard. Ultraviolet absorp-

tion spectra at room temperature and at 77 K were recorded on a Cary

17 spectrophotometer. Mass spectra were determined on a Perkin-

Elmer Model RMU 6 mass spectrometer. Elemental analyses were per-

formed by Instranal Laboratory, Inc., Rensselaer, NY; or by Chemaly-

tics, Tempe, Arizona.

77 K UV Spectra

Ultraviolet absorption spectra at 77 K were determined using a

Cary Model 17 spectrophotometer. A round commercial grade quartz

dewar and a round commercial grade quartz sample tube (:14 mm, i.d.)

were used. The dewar was centered in the light path by means of a tip

on its bottom and a hole in a plate which fitted on top of the sample

compartment. The sample tube was centered in the dewar by means of

a collar at the top of the tube and a notched teflon ring which fitted

about the sample tube and into the dewar. Absorbancies from dup-

licate runs were reproducable to within 112. The glassy solution

276
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at 77 K was compared to a nitrogen atmosphere at room temperature.

The base line obtained was relatively flat up to about 260 nm, where

the alcoholic solvent and quartz used start absorbing. Relative

extinction coefficients at a given wavelength can be determined quite

well by this method, but the relative extinction coefficients for

different wavelengthsinla given spectrum are somewhat distorted due

to the fact that the change in refractive index with wavelength of

the liquid nitrogen, the quartz, and the glassy solvent are not

compensated for by comparison to a similar blank. The results are

quite adequate for our purposes, however, since 1) only relative

extinction coefficients are necessary for quantum yield determina-

tions and 2) the spectral shapes are qualitatively correct and

the spectral intensities semi-quantitatively correct. Comparison

of the extinction coefficients (6) of 2,3-naphtho-20-crown-6 (1)

at room temperature given by 1.000 cm cells with those given by the

round low temperature apparatus at room temperature (calculated

assuming a 1 cm path (V 77 K/V 298 K 2 0.8) length and neglecting

increased concentration due to contraction of the glass; actual tube

diameter was approximately 1.4 cm) showed the latter to be larger

by a factor of approximately 1.5 for the 8 band (approximately 6%

1

variation within this band) and larger by a factor of approximately

1.2 for the $2 band (approximately 5% variation within this band).

(See Table 43.) These factors should be >1, due to the longer path

length, but they should all be the same if there weren't any other

factors involved. This precludes the possibility of calculating an

effective path length for the low temperature apparatus. But extinction
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Table 43. Comparison of Room Temperature UV Absorption Spectra of 2,3-

Naphtho-ZO-Crowne6 (1) in Square Cells and in Round Dewar.

 

 

 

In Square Cells 8 In Round Dewara 8

320.5 320.5 s

C
c b round

A(nm) A E E}: 1(nm) A 6 ex esquare

320.5 0.0462 274 1.00 320.5 0.0490 408.3 1.00 1.49

313.5 0.0463 274 1.00 313.5 0.0515 429.2 1.05 1.57

306.5 0.0612 363 1.33 306.5 0.0670 558.3 1.37 1.54

285(sh 0.54 3205 11.7 285(sh) 0.465 3875 9.49 1.21

275.5 0.842 4997 18.2 295.5 0.685 5708 13.98 1.14

266.5 0.823 4884 17.8 266.5 0.680 5667 13.88 1.16

 

 

aDewar filled with water to cut down on scattered light.

bCalculated assuming a 1.4 cm path length.

cAbsorbance (A).
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coefficients roughly indicating the strength of an absorption band

can be calculated from the data in the figures using either the

effective path lengths indicated by the above comparisons (1.5 for

the S1 band, 1.2 for the S2 band) or the actual diameter of the

tube, 1.4 cm. Finally, it should be pointed out that in order to

obtain a room temperature spectrum in the low temperature apparatus

it was necessary to fill the dewar with some liquid to minimize

changes in refractive indicies at interfaces. Water (nD25 - 1.33287

190
versus n - for liquid nitrogen) was used, but it is recognized

d

that the above comparison may not be valid if the refractive indices

of water and liquid nitrogen are greatly different or change dif-

ferently in the wavelength region with which we are dealing.

All UV absorption spectra at 77 K were determined on solutions

prepared from 95% ethanol-methanol (4:1, v/v) or from ethanol-

methanol (4:1, v/v) solvent mixtures. With the exception of the

determinations made in ethyl bromide containing solutions, all emis-

sion, phosphorescence lifetimes, and many of the fluorescence life-

time determinations were made on solutions in 95% ethanol glass.

It was necessary to add at least 20% by volume of methanol to obtain

uncracked glasses in the larger sample tubes used for determination

of 77 K UV absorption spectra. Addition of 20% by volume of methanol

to 95% ethanol did not always result in uncracked glasses for fluores-

cence lifetime determinations, however. It did seem that addition

of 20% by volume of methanol to absolute alcohol (200 Proof Gold

Shield Alcohol) did result in fewer cracked glasses (see section

on fluorescence lifetime determinations below). It is not thought
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that addition of a small amount of another hydroxylic solvent or

removal of most of a small amount of water (ethanol and methanol

were dry but not serupously so) should affect spectral or photo-

physical properties.9 UV absorption spectra of 2,3-naphtho-20-

crown-6 (1) were the same for solutions in 95% ethanol-methanol

(4:1, v/v) and in 95% ethanol-methanol (3:2, v/v), and UV spectra

of l,5-naphtho-22-crown-6 (a) were the same for solutions in 95%

ethanol/methanol (4:1, v/v) and in ethanol-methanol (4:1, v/v).

Reagent Purity

Sodium, potassium, rubidium, and cesium chlorides were all ultra-

pure salts from.Ventron, as were cesium bromide and ammonium chloride.

Sodium fluoride (Baker), sodium bromide (Matheson-Coleman-Bell),

sodium iodide (Baker), barium bromide (Fisher), and cesium nitrate

(Fisher) were all reagent grade salts. All of the above salts were

used without further purification. Solutions of silver triflate

(from Ventron, 99%) were filtered through medium sintered glass

before use to remove particulate matter. Solutions of this salt

remained clear and colorless for several months provided that they

were stored in the dark. All solutions of the above salts showed

neither UV absorption nor fluorescent or phosphorescent emission.

The alkylammonium chloride salts (prepared by passing technical

grade gaseous hydrochloric acid (Matheson) through a solution of the

liquid amine in diethyl ether) were all purified by recrystalliza-

tion. 'grPropylammonium chloride (somewhat hygrosc0pic) was re-

crystallized four times from certified A.C.S. spectranalyzed acetone
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(Fisher), mp (162-163°, and was dried for 6 h at 120°C and 0.1 m.

‘inropylammonium chloride (very hygroscopic) was recrystallized

twice from acetone, m.p. 157-159°C, and dried for 18 h at 78°C

and 0.1 mm. ‘EfButylammonium chloride (not very hygroscopic) was

recrystallized four times from acetone and ethanol (200 Proof Gold

Shield Alcohol), m.p. > 300°C and was dried for 12 h at 120°C and

0.1 mm.

B-Bromoethylammonium chloride (not very hygroscopic, see below

for preparation) was purified by recrystallization (three times)

from benzene-ethanol (reagent grade benzene, 200 Proof Gold Shield

Alcohol), m.p. 130-132°c, and was dried for 12 h at 78°C and 0.05

mm. 'y-Bromoethylammonium chloride (not very hygroscopic, see below

for preparation) was purified by recrystallization from benzene-

ethanol), m.p. 152-153°C, and was dried for 12 h at 80°C and 0.1

mm. The stability of these salts in 95% ethanol was investigated by

monitoring the nuclear magnetic resonance (NMR) spectra as a function

of time. The NMR spectrum of salt that had been dissolved in 95%

ethanol at room temperature for one week was unchanged compared to

that of the pure salt. Also, the NMR of salt that had been dissolved

in refluxing 952 ethanol was unchanged. At the concentrations used

for emission and absorption experiments, these salts showed neither

fluorescent nor phosphorescent emission, nor did they show absorption

discernibly different from that of the alcoholic solvent in which

they were dissolved.

B—Iodoethylammonium chloride (not very hygroscopic, see below

for preparation) was purified by recrystallization (twice) from
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chloroform-ethanol, m.p. 151.5-154.0. y-Iodopropylammonium chloride

(not very hygroscopic, see below for preparation) was also purified

by recrystallization from chloroform-ethanol, m.p. loo—101°C. 95%

ethanol solutions of these salts which were left exposed to room

light gradually turned yellow. Solutions of these salts stored in

the dark, however, remained colorless for several weeks. The sta-

bility of the B-iodoethylammonium chloride in 95% ethanol was checked

by monitoring its NMR spectrum (vide infra) as a function of time.

The NMR spectrum of salt that had been dissolved in 95% ethanol in

the dark at room temperature for 6 days was the same as that for the

pure salt. After 24 h at reflux, however, the NMR spectrum of re-

covered material was different. Neither of these salts showed any

emission under the same conditions used for emission determinations

of their crown complexes. These salts do absorb in the UV spectral

region, as shown in Figures 10, 11, and 12, but, at the concentrations

used, absorption by the salts is negligible in the region in which

the complexed crowns were excited (296 nm or longer).

Ethyl bromide (Aldrich) was purified by first stirring with BA

molecular sieves for 24 h and then distilling through a l/2" x 15"

column packed with stainless steel Heli Pak (vide infra). A large

middle fraction (approximately 80%) with a constant boiling point of

37°C was collected. This sample showed no UV absorption at wave-

lengths longer than 300 nm (absorbance at 290 nm for 1 cm path-

length was, 0.03; at 280 nm, 0.62; and at 268 nm, 0.90). Under the

conditions of the emission experiments in which ethyl bromide was

used, no emission from the ethyl bromide containing glass was ob-

served. 95% ethanol was purified by first refluxing for 24 hours
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and then distilling from 100 m1 of 12 E sulfuric acid, followed by

distillation from excess distilled water to remove diethyl ether

formed in the first distillation and to produce the 95% azeatrope.

18 mm by 100 cm vacuum jacketed columns were used for these distilla-

tions. The column used for the distillation from sulfuric acid was

packed with 1/16" glass helcies (estimated 15-20 theoretical plates);

the column used for the second distillation was packed with 100 x

100 mm stainless steel Heli-Pak (Podbielniak, estimated 90-100

theoretical plates). The take-off rate for both distillations was

approximately 1 £ per 24 hours. The alcohol before purification showed

a maximum in its UV spectrum at 275 nm (absorbance of 0.020 in a 1

cm cell path length). The alcohol after purification showed no

absorbance (0.1 A slidewire, 1 cm path length) at wavelengths longer

than 265 nm in the UV region. Furthermore, no emission from the

alcohol was observed under conditions used to determine spectra or

quantum yields. At very high sensitivities (approximately 100 times

those used for naphthalene phosphorescence measurements), a phos-

phorescent impurity with a lifetime of approximately 0.1 sec was

observed. Methanol (Fisher, reagent grade) was purified in the same

manner, with the exceptions that the distillations were done under

a nitrogen atmosphere and that the second distillation was used to

remove water. A 95% ethanol-methanol (4:1, v/v) glass gave a

fluorescence decay with a lifetime of about 8 nsec, but this decay

is probably due to scattered light from the decay of the lamp flash

(vide infra).

Pentane used for recrystallizations was purified by stirring
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practical grade pentane (MathesoneColeman-Bell) with concentrated

sulfuric acid for four hours, washing with 10% sodium carbonate,

then with water, drying over calcium chloride and distilling from

sodium through the column packed with Beli-Pak described above.

Naphthalene (Mallinckrodt) was recrystallized eight times from

ethanol/water (200 Proof Gold Shield Alcohol). The emission spectra

for the stock naphthalene and naphthalene at various stages of puri-

fication showed no change in fine structure or relative intensity.

Both fluorescent and phosphorescent decay curves gave good single

exponential fits (see experimental and results sections lifetime dis-

cussion) and were close to literature values.90 These same criteria

(unchanged emission fine structure and relative intensities and good

single exponential fluorescent and phosphorescent decay) were used

to establish the purity of all compounds investigated. 2,3-Naphtho-

20—crown-6 (1), already recrystallized to constant m.p., was re-

crystallized eight times from diethyl ether-pentane (ether, Matheson-

Coleman-Bell; pentane, purified as indicated above). No difference

was found between the purity of the crown after recrystallization to

a constant m.p. (58.5-59.00) and after the eight additional re-

crystallizations. In general, compounds were recrystallized four

additional times after a constant m.p. had been achieved. 2,3-Bis-

methoxymethyl)naphthalene (a) (gigeuigfgg) was obtained as an oil.

It was purified by chromatography on neutral silica gel with di-

chloromethane elution, followed by molecular distillation at 550

and 0.05 mm. Its fluorescent and phosphorescent decay gave good

single exponential fits and no emission outside the emission range

for other naphthalene derivatives was observed. The oil quickly
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becomes colored if left standing exposed to air, but remains a clear,

colorless oil if stored under nitrogen in the dark and in the re-

frigerator. 2,3-Dimethylnaphthalene (5) (Aldrich, 99% +, m.p.

102-103°) was recrystallized from ethanol/water (200 Proof Gold

Shield Alcohol) to a constant m.p. of 104-1050 and sublimed (0.04

mm, 40°). There was evidence of a small amount of phosphorescent

impurity in the stock sample. Its phosphorescence occurred at

shorter wavelengths and overlapped the main phosphorescence spectrum.

Its intensity decreased as the number of times the sample was re-

crystallized increased, while the shape of the main phosphorescence

spectrum was unchanged. There was a residual amount of this imr

purity in the final sample used for determinations (as indicated by

the slightly higher baseline before the onset of the phosphorescence),

but this residual amount would have been too weak to significantly

affect the determinations, since 1) the fluorescence was much more

intense (no change in fluorescence was observed as a function of

purification), 2) the overlap with the phosphorescence spectrum in

the final sample was negligible and, as noted above, the shape of

the phosphorescence spectrum did not change as the impurity phos-

phorescence decreased with the extent of purification, and 3) both

fluorescent and phosphorescent decay gave good single exponential

decay (though the lifetime of one species can be obtained indepen-

dently of that of another provided that they don't emit in the same

region).

All of the l,8-disubstituted naphthalene derivatives were

crystalline and satisfied the above criteria for purity. l,8-Naphtho-
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21-crown-6 (a) was recrystallized four times from ether-pentane,

map. 54.0-55.00. l,8figi§7(methoxymethyl)naphthalene (e) was recrystal-

lized from purified pentane four times. l,8-Dimethylnaphthalene (7)

‘was recrystallized four times from alcohol/water (200 Proof Gold

Shield Alcohol), followed by sublimation (m.p. 63.4-64.00).

All of the 1,5-disubstituted naphthalene derivatives were crystal-

line and satisfied the above criteria for purity. l,5-Naphtho-22-

crown—6 (3) was recrystallized several times from ether-pentane

followed by two recrystallizations from spectrograde cyclohexane

(Matheson-Coleman-Bell), m.p. 55.5-57.00C. l,51§i§7(methoxy-

methyl)naphtha1ene (8) was recrystallized three times from purified

pentane (videggupra), m.p. 62—63OC. l,5-Dimethylnaphthalene (3)
 

(Pfaltz and Bauer) was recrystallized four times from ethanol-water

(200 Proof Gold Shield Alcohol), m.p. 80.0-81.5

Preparation of Samples for Emission Spectrogcgpy and Quantum Yield

Determinations

All emission spectra were from 95% EtOH solutions. Pyrex NMR

tubes (Willmad, 505 PS, 4.26:.13 mm i.d., 5 mm o.d., highly polished)

were used for samples excited at wavelengths longer than 296 nm

(the pyrex in these tubes starts absorbing at about 310 nm). Quartz

NMR tubes (Wilmad, 701 P0, 3.431.013 mm i.d., 5 mm o.d., highly

polished) were used for all samples excited at wavelengths shorter

than 296 nm. These tubes were joined to 10/30 male joints to allow

for degassing and sealing under vacuum.

Due to the large number of compounds and complexes investigated
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and due to the fact that, in general, aromatic hydrocarbons are sus-

ceptible to oxygen quenching, all samples were routinely subjected

to six freeze-thaw degassing cycles on a system capable of obtaining

a vacuum of less than 10-6 mm. In the course of degassing, the

5 mm by the last cycle. Further-pressure in the system dropped to 10-

more, removal of oxygen should improve sample stability. For all

cases checked, spectral shapes from samples stored at 00 in the dark

remained unchanged even after several months. Spectra and lifetimes

were generally determined within a week after preparation. Solutions

containing crown and salt were prepared by diluting the appropriate

volumes of stock solutions.

Emission Spectra

The corrected emission spectra shown in Figures 1 through 54

were determined using a Hitachi/Perkin-Elmer Spectrophotofluorometer

Model MPF-44A with computerized corrected spectra accessory. The

spectra show the full resolution obtainable at 77 K in 95% EtOH

uncracked glass. A 1 nm emission bandpass was sufficient to resolve

the fluorescence spectra and a 2 nm bandpass was sufficient for the

phosphorescence spectra. An excitation bandpass sufficiently large

so as to be consistent with good resolution and low noise level was

used. The excitation bandpasses used to obtain well-resolved spectra

were too large to allow for accurate quantum yield determinations from

the same spectra. The relative spectral intensities qualitatively

correlate with relative quantum yields, however. The phosphorescence

spectra were determined without use of a phosphoroscOpe, since use
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of the phosphoroscope introduced roughly a ten-fold attenuation of

the signal and tailing fluorescence did not interfere. Concentra-

tions were in the 10-4 M range.

Spectral Energy Levels

In order to obtain precise frequencies for emission bands it was

necessary to use a greatly expanded wavelength scale, usually either

1 nm/l6 mm or 1 nm/8 mm. For symmetrical bands, the position of the

maximum was located using the symmetry of the band to locate the

center. For unsymmetrical bands, the maximum was either visually

sighted and/or located making use of the symmetry at the top of the

band. The probable error in the band positions reported are :20

cmfl for the highest energy fluorescent band, and :10 cm.-1 for the

highest energy phosphorescent band. The accuracy of these values

should be within 1.2 nm ( 20 cm.1 at 320.0 nm and :10 cm.1 at 470.0

nm). Both the emission and excitation monochrometers were calibrated

against the 450.1 and 467.1 nm bands in the emission spectrum of the

xenon lamp. Also, the emission monochrometer calibration was checked

by determining the absorption spectrum of holmium oxide. All band

positions were within i.2 nm of the well known holmium oxide absorp-

tion spectrum.

The triplet energy for 2,3-naphtho-20-crown-6 (1) requires some

comment as to how the value used was derived. It is almost certain

that the highest energy band in the phosphorescence spectrum of

1 (472.3 nm) is unresolved (see Figures 20 and 26), as indicated

by its width and by comparison to other naphthalene derivatives
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and salt/crown complexes. Therefore, using the center of this band

would give a low estimate of the triplet energy of this compound.

The following scheme was used to get a higher and hopefully more cor—

rect estimate of the triplet energy. The unresolved band in the

crown spectrum and the "doublet" in the salt/crown spectra were

assumed to have the same bandwidth in cmfl. The centers of the

broad band in the crown spectrum and center of the "doublet" were

found making use of their symmetry. The difference, in cm-l,

between the center of the "doublet" and the position of the higher

energy band in the "doublet" was found to be relatively constant for

all alkali metal chloride/crown complexes (226:18 cmfl). This av-

erage energy difference (in cmfl) was added to the position of the

center of the broad band in the crown spectrum to obtain an estimate

of the position of the "true" 0-0 band.

77 K UV absorption spectra were also determined using a suf-

ficiently expanded wavelength scale (either 3 nm/inch or 6 nm/inch)

so that precise frequencies of absorption bands could be obtained.

The calibration of the Cary 17 monochrometer was checked by Cary

personnel before the beginning and after the end of this investigation

and was found to have been unchanged.

Quantum Yields

The preparation of samples for quantum yields was the same as

for emission spectra. The concentrations were sufficiently low so

that the optical density of the solution at the depth at which it
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is viewed was §_0.02 A, or so that elcl - €2C2 (where 1 is the

relative extinction coefficient of solution one and C1 is its con-

centration). 77 K UV spectra were the basis for selecting appropriate

excitation wavelengths, and the relative extinction coefficients from

them were used to either adjust concentrations before making quantum

yield comparisons or to correct the apparent relative quantum yields.

There is some difference of opinion as to how low the optical

densities should be for the emission output to be a linear function

of concentration. One source91 indicates that it should be 0.02

or less, otherwise a 4% error is incurred, while another source92

indicates it should be 0.1 or less, otherwise a 1% error is incurred.

Except for the quantum yield determinations for the alkali metal

complexes of crown 2 relative to free crown 2 (vide infra), all of

the quantum yield determinations reported here satisfy the lower

estimate. The optical density for these complexes in the region in

which they were excited (approximately 297 nm) is estimated to have

been 0.2. The relative emission outputs were corrected making use

of the relative extinction coefficients, but these only differ by

about 10%, so the difference in optical gradients was probably not

very large. Furthermore, a check set of experiments done subse-

quently in which the complexes and free crown g were excited in the

313 nm region (the optical density was approximately 0.02 A, and the

relative emission outputs were corrected making use of relative

extinction coefficients) gave quantum yield estimates which were the

same within 3 to 5% to those obtained using higher optical densities.

Quantum yields of naphthalene derivatives 1 through.2 were
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determined relative to naphthalene (¢f - 0.30, ¢p - 0.030). Excita-

tion bandpasses of 1.5 to 2.0 nm were used. The agreement between

quantum yields obtained from determinations at different wavelengths

(see results section and Table 8) shows that the exciting light was

sufficiently monochromatic. Table 44 shows the wavelengths at which

the comparisons were made and, in the first set of parentheses, the

number of fluorescent quantum yield determinations, and, in the second

set of parentheses, the number of phosphorescent quantum yield de-

terminations. Since tailing fluorescence did not interfere, phos-

phorescent quantum yields were determined without use of a phos-

phoroscope, since the phosphoroscope introduces approximately a

lO-fold attenuation of the signal.

Quantum yields for the crowns in the presence of salts were

determined by comparison to the free crown. Table 44 gives the exci-

tation wavelengths used to make quantum yield comparisons between

"fully" complexed crowns and the parent free crown. To show that

the excitation bandpass was sufficiently monochromatic, comparisons

were made using progressively smaller excitation bandpasses until

the quantum yields became constant. A 2 nm bandpass was sufficiently

monochromatic.

The quantum yields for all naphthalene derivatives and the salt/

crown - 5/1 cases were determined using a Hitachi/Perkin-Elmer MPF

44A spectrophotofluorometer with computerized corrected spectra

accessory, which was interfaced to a Digital PDP-8 computer. A 1

V corrected signal from the corrected spectrum accessory was collected

as a function of time and stored. The monochrometer speeds of the
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Table 45. 'Wavelengths at Which Quantum.Yield Comparisons Relative to

Free Crowns Were Made.

 

 

 

Salt 2,3-Cr-6 (l) l,8~Cr-6 (2) l,5-Cr-6 (3)

None 305.6 296.9 296.9

NaCl 304.5 297.3 296.7

KCl 304.6 297.1 296.6

RbCl 305.0 297.1 296.4

CsCl 304.9 297.3 296.3

NHACl 305.2 297.2 296.9

ndPrNHBCl 305.6 297.3 296.9

i-PrNH3C1 305.3 297.2 -----

t-BuNH3Cl 305.2 297.3 -----

Br<CH2)2NH3c1 305.3 297.2 296.9

Br(CHZ)3NH3Cl 305.6 297.3 296.9

I(CH2)2NH3C1 305.6 297.3 296.9

I(CH2)3NH3C1 305.6 297.3 296.9

BaBr2 304.4 297.3 296.9

A80502CF3 304.4 297.3 296.9

 

 



294

instrument and the clock in the PDP-8 were well synchronized. Data

was sampled 60 times over a 0.5 an interval, averaged, and placed in

an array at a position corresponding to the beginning of the inter—

val. The program provided for control over position of the baseline

by allowing one to draw a straight line at any level desired. Wave-

length was converted to wavenumber and the area under the curve of

spectral intensity versus wavenumber calculated and stored. Areas

from different runs could be compared and quantum yields calculated.

Titrations Monitored by Following Relative Integrated Emission

Intensity

The comments made in this section apply to data reported in

Figures 55 through 60 and in Tables 9 through 16. Titrations of

crowns with salts were monitored by following the relative integrated

emission intensities as a function of the mole ratio of added salts.

The purpose of these experiments was to establish the mole ratio of

salt required for essentially complete complexation of the crown.

Emission spectra obtained from these experiments were integrated by

the three methods outlined below. As indicated in the results

section, some of the integrated intensities obtained from one of the

methods were not sufficiently precise to be useful. In these cases,

relative peak intensities were used to establish the mole ratio of

salt required.

The titration curves shown in Figures 55 through 58 were derived

from data obtained using an Aminco-Bowman spectrophotoflurometer.

These titrations were followed by comparing emission from free crown



295

and from crown plus various mole ratios of salt to the emission from

naphthalene. The emission curves obtained were corrected for instru—

ment response by applying a set of correction factors derived from

a comparison of the observed naphthalene spectrum to a corrected

spectrum from the literature. Intensity was converted to a function

of frequency (cmfl) rather than of wavelength and the resulting curve

integrated. All computations were done by computer.

The remainder of the titrations were done using a Hitachi/Perkin-

Elmer MPF-44A spectrophotoflurometer with computerized corrected

spectrum accessory. Emission spectra obtained from this instrument

can automatically be corrected for instrument response and can be

integrated directly after converting the intensity to a function of

cm-l. One method of doing this involved digitizing the curves as a

function of wavelength and submitting the digitized data to a com-

puter to change intensity to a function of cm.-1 and to integrate

the resulting curve. This was a time consuming and tedious process,

and there was a significant time lag between the time the curves

were digitized and when the computational results were available.

The results turned out not to be as precise in most cases as the

results from the Aminco-Bowman. This does not reflect the difference

in instrumentation, but probably the difference in the way in which

the curves were digitized. Emission curves from the Aminco-Bowman

were digitized by reading intensities at a standard set of wavelengths.

This was done so that the intensity matrix would always match the

correction factor matrix. This had the disadvantage that maxima

did not always fall at one of the wavelengths in the set, but it
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had the advantage that each digitized curve had the same number of

points. The intensity of the curves from the Hitachi/Perkin-Elmer

did not require correction, so it was decided to digitize them by

reading intensities and wavelengths at convenient places, iLgL,

maxima and minima and a sufficient number of other places so that

connecting the points by straight lines would reasonably well repro-

duce the shape of the spectrum. This had the advantage of allowing

one to take fewer points to digitize broad characterless spectra.

In retrospect, however, this may have been a disadvantage. Thus, for

titrations of crowns l and 2 with ammonium, alkylammonium, and, for

crown 1, that bromoalkylammonium chlorides, relative peak heights as

a function of the mole ratio of added salt are reported instead (see

results section). This type of data is certainly adequate to estab-

lish the mole ratio of salt to crown required for essentially complete

complexation, but differences in relative peak heights are not neces-

sarily a linear function (vide infra) of the fraction of complexed

crown present.

The second method of digitizing emission spectra from the Hitachi/

Perkin-Elmer was y_i_a an interfaced Digital PDP-8 computer (Xi—d3.

£3253). This is by far the most accurate way to digitize, replot,

and integrate these emission curves. It also allows one to obtain

good precision, since 1) the results are obtained immediately, and

2) a great many more determinations can be integrated than if the

digitizing were to be done manually.

As pointed out in the results section, the integrated intensities

obtained from these titration experiments are not true quantum
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yields. Provided, however, that l) the absorbancies are directly

proportional to concentrations (Beer's Law); that 2) the optical

density is sufficiently low (see note under quantum yield section

above) so that the emittancies are directly proportional to concentra-

tions; and that 3) free and 1:1 complexed crown are the only two

absorbing and emitting species, then the observed integrated intensi-

ties can be reexpressed as a linear combination of the observed

intensities of free crown (I ) and of complexed crown (I ):
exp,cr exp,com

I = I (x1) + I
obs exp,cr (X2)exp,com

where x1 is the mole fraction of free crown and x2 is the mole frac—

tion of complexed crown. Then, since x1 + X2 is assumed to be

equal to one,

Iobs E Iexp,cr(xl) + Iexp,com(1-Xl)

Thus, for any given value of Iobs’ the fraction of free and of com-

plexed crown can be calculated. If the correct quantum yields of

free crown (¢ ) and of complexed crown (¢ ) are known,
cor,cr cor,com

then observed integrated intensity can be reexpressed in terms of

them:

¢cor . ¢cr,cor(xl) + ¢com,cor(x2)'

in terms of dThis reexpression of Io can be accomplished by
bs cor
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applying the following calculation to each experimental point:

¢
8 cr,cor ¢

¢cor ¢ap[xl ¢cr,un + (1—x1)._£22l22£]

¢com,un

X ¢ap - ¢com,un

1 dhr un - ¢com un
9 ’

¢ 3 Iobs . ¢

3P cr,cor

exp,cr

_ Ie com ¢

9 9
¢com un Iexp cr cr cor

9

The term x1(¢ ) allows correction of ¢p for a change in

).

cr,cor/¢cr,pn
 

the estimate for the correct quantum yield of free crown (cpcr cor

9

is the "uncorrected" or previous estimate of the quantum
¢erlun

yield of free crown. is the correct quantum yield for the

EEEEhEE.

complexed crown. Its value is determined in a separate set of experi-

ments (yide infra).
 

This has been done for the titrations of crowns l, %, andle with

alkali metal cations (Figures 55 through 60). As noted in the results

section, the only distortion introduced by this manipulation is to

make the relative change between the plotted quantum yields of the

complex and of the free crown larger or smaller than the relative

change in integrated intensities. Qualitatively, however, the

relative differences are about the same (within a factor of two).
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The remainder of the titration data are presented in Tables 9 through

16. The numbers given in these tables are relative integrated in-

tensities modified only by making them proportional to the quantum

yield of free crown. All titrations of crown l were done using an

excitation wavelength in the 306 nm region. Optical densities of

4 M_to 2.00 x 10-4.§,solutions excited in this region are1.00 x 10’

estimated to be 5.0.02 A. Most titrations of crowns 2 and 3 were

done using an excitation wavelength in the 297 nm region. The optical

densities of 1.00 x 10-4 to 2.00 x 10.4 M solutions excited in this

region are estimated to be 0.1 to 0.2 A. An optical density of 0.2

A may be too high for a linear dependence of the emittance upon con-

centration, but see note in the quantum yield section above.

Complexation Competition Studies

The analysis of integrated intensities for complexation studies

is essentially the same as and makes the same assumptions as the

above treatment for titrations. The integrated intensity for a crown

complex which has a much different emittance than the free crown is

determined (IA)' The integrated intensity of a solution with

sufficient excess of the salt which causes little change such that

the crown is assumed to be fully complexed is also determined (13).

These determinations can be made with somewhat arbitrary choices of

instrumental settings (slit widths and excitation wavelengths)

provided that they are kept the same for the entire experiment. The

salt which causes little change in emittance is used to titrate the

complex for which there is a large change. If the species which
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causes little change does not complex too much more weakly, then the

integrated intensity should change as its concentration is increased.

The observed integrated intensity with both salts present should be

a linear combination of IA and IB’ given the assumptions made pre-

viously and, in this case, assuming that the two complexes are the

only absorbing and emitting species present:

Iobs ' xAIA + xBIB

where XA is the mole fraction of complex A and XB is the mole frac-

tion of complex B. Given that XA + XB - l, the fraction of each

complex can be calculated. Knowing these and the formal concentra-

tions of crown and salts used, relative equilibrium constants can

be calculated. By making an estimate of the equilibrium constant for

the complex which shows a large change in emittance based upon its

titration curve, one can make an estimate of the equilibrium constant

for the other complex and check ones initial guess as to the amount

of salt necessary for complete complexation.

Variables Affecting Quantum Yield and Ingeggaged Ingensity Determina-

tions

The following factors affect values obtained for integrated in-

tensities, and, therefore, quantum yields as well: 1) variations in

the mechanical dimensions and in the glass composition of the tubes

used; 2) tube positioning in the dewar; 3) concentration errors; 4)

lamp stability; 5) errors in the correction factors applied;
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6) digitizing procedure used; and 7) emitting impurities. The follow-

ing factors affect quantum yields but not the relative values of

integrated intensities: l) monochromaticity of exciting light can

effect relative intensities if species with different UV absorption

curves are compared; and 2) errors in relative extinction coefficients

from 77 K UV spectra. Some of these factors have already been discussed.

They are listed here for the sake of completeness and will only be

alluded to briefly and note given of the location of the previous

discussion. There are obviously too many potential sources of error

to be able to estimate the precise contribution of each to the total

error, but an estimate of the relative importance of each source of

error will be made.

The uniformity of the composition of the quartz and pyrex NMR

tubes used (see preparation of samples for emission spectra and

quantum yield determinations) is not known, since they are not manu-

factured for their optical properties. The glass used in their manu-

facture, however, comes from a continuous flow operation, so the

composition of a given lot of tubes is not likely to be too different.

A large number of NMR tubes were purchased at the same time and re-

used throughout the project. Variation in the dimensions of the

tubes (manufacturer's specifications given previously) are another

source of error. In many cases, different tubes of the same solu-

tion gave very similar results (1% or less). The largest difference

noted which was thought to be due to tube differences was about 5%.

All quantum yield determinations, however, involved comparison of at

least two tubes of standard to two tubes of unknown, so differences
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due to tubes are averaged. Since multiple determinations on the same

tube of sample (iggg, thawing and recooling) gave integrated intensi-

ties which were very similar, it is not thought that observed varia-

tions are very dependent upon either tube positioning in the dewar

or to effects of glass inhomogeneity. The finger of the dewar of the

Hitachi/Perkin—Elmer is designed to accept a 5 mm tube. With this

size tube, there is minimal clearance between the walls of the finger

and the sample tube (about 0.5 mm), so the position of the tube is

fairly well fixed.

Perhaps the most serious source of error in making quantum yield

determinations by the relative method is failure to satisfy the require-

ment that the solutions compared either absorb the same amount of

light or that the difference in the relative amounts of light

absorbed be correctable. Errors in concentrations, relative ex-

tinction coefficients, or insufficiently monochromatic exciting light

can cause this requirement not to be satisfied. Concentration errors

alone could account for l to 2% relative error. Reasonably concentrat-

ed stock solutions were made but, after dilutions, concentrations are

estimated to be good to only :12. Relative extinction coefficients

are estimated to be good to about 2%. The real problem, though, for

compounds which have a lot of fine structure in their absorption spectra,

is to excite a compound only in a given absorption peak. While the

Hitachi/Perkin-Elmer has continuously adjustable slits, there is a

trade off between monochromaticity of exciting light and emission

intensity. Furthermore, there is a minimum excitation slit width

which can be used when this instrument is used in its ratio mode,
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since the sample photomultiplier tube dynode voltage increases as

the size of the excitation slits decrease. The minimum slit size is

a function of lamp intensity, how well the lamp is focused, and the

excitation wavelength used. Usually, 1.5 to 2.0 nm bandpasses can

be obtained in the 300 nm region and 2.0 to 2.5 nm bandpasses in the

275 nm region. It is desirable to operate the instrument in its

ratio mode for two reasons: 1) better instrument stability and 2)

it allows excitation of standard and unknown at somewhat different

wavelengths, since, when the excitation monochrometer is also cali-

brated, variation in the intensity of exciting light as a function of

wavelength is compensated. While the position of absorption peaks

of standard and unknown are similar (see Tables 43 and 44), they are

seldom identical. The problem of selectively exciting both unknown

and standard is why one attempts to pick out regions of the absorp-

tion spectra where both compounds have similar spectral shapes and

intensities, with similarity of shape being more important than

similarity of intensity. As indicated in the results section, the

precision of the quantum yield comparisons between naphthalene and

disubstituted naphthalenes is sufficiently good (2 to 10%) to indicate

that these determinations satisfy the above requirement. The quantum

yield comparisons between free and complexed crowns were made using

only one set of excitation wavelengths. To show that the excitation

bandpass was sufficiently monochromatic, comparisons were made using

progressively smaller excitation bandpasses until the quantum yields

became constant. A 2 nm bandpass was found to be sufficiently mono-

chromatic in all cases. As remarked in the results section, quantum
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yield comparisons between complexed and free crowns are probably more

accurate in general than those between naphthalene and naphthalene

derivatives because the 77 K UV absorption Spectra are more similar

in the former comparison.

Variation in lamp intensity is another source of error, since

relative quantum yield determinations require that both standard and

unknown receive the same light flux. This assumption is checked

experimentally by always making at least two quantum yield compari-

sons. If the results of both comparisons are the same, it can reason-

ably be assumed that both standard and unknown received the same

light flux. When the Hitachi/Perkin—Elmer is used in its ratio mode,

there is about a 2% drift in overall instrument stability per hour.

This drift is about 2% per 10 min in its energy mode. In either

mode, however, there can be occasional sudden jumps of 10 to 20%

in relative emission intensity due to shifting of the position of the

lamp arc. Since all quantum yield comparisons were made in the

instruments ratio mode and required only about 10 min per comparison,

normal drift should not be a serious contributor to the overall error.

Sudden large changes in lamp intensity are not a source of error,

since they are safeguarded against by multiple determinations.

Errors in the correction factors applied to emission curves can

affect the accuracy of the relative quantum yields. This will be

the case if the compounds compared have different spectral distribu-

tions. If the standard, say, has much more intensity in one region

than the unknown, and if the correction factors are also larger than

they should be in this region, then the quantum yield of the unknown
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will be smaller than it should be. The difference in spectral dis-

tribution between compounds whose emission quantum yields have been

compared are not great, and errors in correction factors generated by

the Hitachi/Perkin-Elmer are not thought to be large (perhaps 12%).

So this is not thought to be an appreciable source of error. Note

that relative quantum yields can be obtained from relative peak

heights if spectral shapes are the same.

The accuracy of quantum yield comparisons obviously depends upon

the accuracy with which emission curves are digitized, corrected,

and integrated. See the discussion under the section on titrations

above.

Impurities which emit in the same spectral region are another

source of error. See sections on reagent purity and sample preparation.

Absorbing impurities which do not interact with the compounds investi-

gated will not interfere unless they are present in sufficient con-

centrations to complete for exciting light. Impurities which quench

excited states can be another source of error, but these determina-

tions are all made in alcoholic glasses, which have very high via-

13
cosities (l x 10 poise for 95% ethanol glass),93 so this is

probably not a source of error.

Fluorescent and Phosphorescent Lifetimes

Fluorescent lifetimes at 77 K were determined using the single

photon counting technique. The decay curves were determined on an

instrument similar to that developed and described by Ware.71

Sample preparation, including degassing, was the same as for emission
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spectra and quantum yield determinations. It was initially thought

to be necessary to use square cells to minimize scattered light.

The glasses formed frequently crack, however, and cracked glasses

act as excellent scatterers. It appears that in many cases determina-

tions may be done in round cells (the same lifetime estimate, 11%,

was obtained for crown l in round and square cells). The square

cells (1.0 cm2) were made from fluorescence free suprasil quartz

fused to a tee which had a round ball for degassing purposes on one

side and a 10/30 male joint on the other side.

The fluorescence lifetimes of all alkali metal complexes of crowns

l and 2 were determined in square cells. Most of the other life-

times were determined in round (approximately 1 to 1.4 cm internal

diameter) commercial grade quartz tubes. Aside from being cheaper

and simpler to fabricate, solutions could be degassed directly in these

cells and were less prone to breakage when the solvent glass cracked

(square cells frequently break when the solvent glass cracks). It

was hoped that uncracked glasses could be obtained in the round

cells, since scattered light does turn out to be a problem. It was

known that uncracked glasses could consistently be obtained in the

large diameter tubes used for determination 77 K UV absorption

spectra (gig; 3225a) provided that at least 20% by volume of methanol

was added. Note that the reason for using large diameter sample

cells had to do with l) the large amount of scattered light obtained

from smaller tubes and 2) the problem of positioning the sample

tube in the paths of the exciting light and of the emission mono-

chrometer (located at 900 to each other), since the instrument used
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did not provide for a means of doing this reproducibly.

A quartz dewar which had flat faces oriented at 1800 to each other

was used. Excitation was through the flat side. The exciting light

was filtered using a 275 nm interference filter. The emission

monochrometer was set at whichever wavelength which minimized scat-

tered light and maximized fluorescence decay (usually 350 nm). The

side of the cell facing the exciting light was covered with a piece

of cardboard with a 2 to 3 cm slit cut in the center and which ex-

tended past the edges of the cell to eliminate scattering of exciting

light from the face and corners of the cell.

Concentrations were in the 10"4 M range. See Tables 8,

20 through 25, 30, 31 and 32 in the results section for the formal

concentration and glass composition used in each case. Different

solvent systems were tried with the hope of finding one which would

consistently give uncracked glasses under the experimental conditions.

For determination of 77 K UV absorption spectra, uncracked glasses

could be consistently obtained using 95% ethanol-methanol (4:1, v/v)

in a 1.4 cm round quartz tube. It is somewhat puzzling why the same

solvent system did not consistently give uncracked glasses in the

similar size tubes used for thelifetime determinations. Cracking

is not a function of the sample, since the same sample may form a

cracked glass in one cell and an uncracked glass in another. Ap-

parently, surface imperfections in the quartz or a particle of dust

can cause these glasses to crack. Later experiments did seem to

indicate that ethanoldmethanol (4:1, v/v) gave fewer cracked

glasses. This glass is known to be especially stable compared to

other alcohol glasses.94 It is not thought that these different
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glass compositions should affect photophysical processes in a sig-

nificantly different fashion.9 The same estimate (il%) for the

fluorescence lifetime of crown‘l was obtained from both 95% ethanol

and 95% ethanol-methanol (4:1, v/v) glasses. Also, the same esti-

mate (1l%) was obtained for crown‘l plus a 5-fold excess of sodium

chloride in these two glasses. Estimates of 43.910.2 and 49.510.4

were obtained for the fluorescence lifetime of crown‘é in 95% ethanol

and in 95% ethanol~methano1 glasses, respectively. Estimates of 93.6

$0.1 and 85.6i0.l nsec were obtained for crownll in 95% ethanol and

in ethanol-methanol (4:1, v/v) glasses, respectively. The differences

in these later two comparisons are larger than those for the first

two comparisons, but the differences are still small enough to be

considered within experimental error (vide infra).
 

Cracked glasses are a problem because they scatter light. Scat-

tered light is a problem because, when scattered light from the lamp

decay is present in the decay curve, the decay curve cannot be de-

convoluted for the effects of the buildup (about 1 to 2 nsec) and

decay (lifetime of 2 to 3 nsec) of the lamp flash. Given a better

monochrometer, scattered light from the lamp decay could be elimin-

ated, but the intensity of the fluorescence decay would also be

diminished. Lifetimes whose determinations were attempted were suf-

ficiently long that the problem could be dealt with by ignoring the

first part of the decay curve (30 channels spanning 71.34 nsec

which tantained the lamp buildup and decay) and analyzing the

remainder of the decay curve (98 channels spanning 321.24 nsec).

The lamp flash occurred at about channel 13 so about 40 nsec of
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actual decay were neglected. (See results section and below for

methods of analysis.) Cracked and uncracked glasses of crown,l

analyzed by neglecting the first 30 channels gave the same fluores-

cence lifetime estimate (12%).

Although several lifetimes were included in the analyses, lack

of knowledge about the first part of the decay places limitations on

detection of fast decay and constraints on interpretation of slower

decays which appear to give good single exponential analyses. It

could always be argued that species with lifetimes short enough to

have already decayed to a large extent in 40 nsec would be completely

missed by a double exponential analysis and a single exponential

analysis would appear to give a good analysis of the decay. It is

not thought that this is very much of a problem for compounds and

complexes which give good fluorescence and phosphorescence single

exponential decay, though it is not necessarily the case that

fluorescent and phosphorescent states should be affected by perturb-

ing species in the same way. The bromoalkylammonium complexes of

crown 1 appear to give at least double exponential phosphorescence

decay and, probably, at least double exponential fluorescence de-

cay. For crown 2, however, the bromoalkylammonium complexes give

at least double exponential phosphorescence decay, but the best

analysis of the fluorescence decays is from a single exponential

treatment (see results section and Tables 30 and 31). This dif—

ference in the character of the fluorescence and phosphorescence

decays of these complexes, unfortunately, is open to either experi-

mental or theoretical interpretation.
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Phosphorescence lifetimes at 77 K in uncracked 95% ethanol glass

were determined using an Aminco-Bowman spectrophotoflurometer equip-

ped with phosphorescope and solenoid operated shutter (l msec

closing time) positioned in the path of the exciting light inside

the sample compartment. For long lifetimes (longer than about 1 sec)

the unfiltered amplified signal was recorded on a Linear Instrument

Model 261 recorder running at the rate of 16.00 inches/min (rate

calibration checked). Shorter lifetimes were obtained using a Tech-

tronics Model storage type oscilloscope. 3-1/4" x 4-1/4"

polaroid photographs of the oscilloscope trace were photographically

enlarged to about 5" x 6-1/2" before they were digitized (gigs

igfga). The determinations were made using the same sample tubes

as used for quantum yield and spectral determinations. In general,

decay was observed at whatever wavelength maximum emission occurred,

generally around 500 to 515 mm. The emission was very poorly resolved,

since close to maximum slit widths had to be used to get a suf-

ficiently strong, relatively noise free signal at low amplifications.

One study for the potassium and cesium chloride complexes of crown

l in which the decay was observed at three widely spaced wavelengths

(470, 500, and 550 nm) gave essentially identical decay rates at all

wavelengths.

Both fluorescence and phosphorescence decays were analyzed using

a curve fitting program called KINFIT (see results section and

below). The single exponential fits used the two parameter equation

k
I . Ice- t where‘l is the intensity at time t, $8, the initial in-

tensity, and k, the decay rate constant, are the two parameters
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which the program attempts to fit to the experimental time versus

intensity measurements. The value of 18, although experimentally

known, is allowed to float, otherwise its experimental error could

bias the way the rest of the curve is fitted. For good single ex-

ponential fits, there was good agreement between the calculated and

observed values of I . For decays which gave good double exponential

fits (gide infra), however, single exponential analyses of the same
 

decays gave calculated values of 18 which were much lower than the

observed values.

Double exponential fits for phosphorescence decays used the four

parameter equation

- +e k2<U2 t)

I-
-k1(uZ+t)

ule + (IO-ul)

l is the intensity at time p. The parameters fitted are pk, pg,

kg, and kg. kQ is the decay rate constant for the faster decay and

k% that for the slower decay. lg, in this case, is treated as a

constant, and is the intensity before the shutter is closed. p1

is the preexponential weighting factor for the faster decay, and

(Ea-3%) that for the slower decay. pg is the time elapsed between

the time the shutter is closed and when the first data point is

taken. The form of this equation is partially a function of the way

the decay curves were digitized. For decay curves obtained using a

recorder, approximately the first 20 to 25% of the decay was ignored.

The reason for doing so was that there were frequently bumps in this

part of the decay curve due to disturbance of the liquid nitrogen
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and of the sample tube by the closing of the solenoid operated shut-

ter, which closes with considerable force. The reason for using the

intensity before closing the shutter forlxl’le is so that the fit gives

proper recognition to the contribution of a faster decay to the

total decay. Thus, even if, say, 30% of the species with shorter

lifetime has decayed by the time the first data is taken, the fit

will recognize that this point is lower in intensity than it should

be compared to an essentially single exponential curve for the later

decay. The curve, then, is fit as though the entire curve from

t = 0 is represented. Since the first data point is not taken at

t = 0, either an experimental estimate of the time at which the first

point is taken, pg has to be made or it has to be treated as a

parameter. It was decided to treat 32 as a parameter so that an

error in an experimental estimate would not prejudice the rest of

the fit. Calculated estimates of %% were close to experimental esti-

mates and the values of 3% correlated with the value of the faster

decay rate constant: the faster the decay, the smaller‘gz. Error

estimates (linear estimates of the standard deviation; see results)

for'e£ for good double exponential fits were reasonable (5 to 10%).

All decay curves obtained using a recorder were digitized in the

same fashion. A standard set of 40 points were taken, 30 (at equally

spaced intensity intervals) over the first 85% of the decay and 10

(at equally spaced intensity intervals) over the last 15% of the

decay. The number of points taken and where they are taken has some

influence on the fit, since KINFIT tends to weight values more

heavily in regions in which a function is changing slowly than in
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regions where the function is changing rapidly, unless the error

estimates for the region in which the function is changing rapidly

are small.

The photographed decay curves from the oscilloscope were not all

of the same size, and, therefore, couldn't all be digitized using

the same standard set of points. They were digitized taking from

28 to 52 points at intensity intervals roughly similar to those of

the standard set of 40; 3:52, proportionately the same number of

points were taken over the initial and later parts of the decay.

The initial intensity was lower in some cases for some of the later

obtained data (decays for the iodoalkylammonium complexes of crowns

l and 3 and silver triflate complex of crown.3), since the storage

function on the oscilloscope wasn't working and the intensity of

light seen by the film was a function of how fast the signal was

changing. This is unfortunate, since information about the early

part of the decay is lost. The analyses based on fewer points didn't

appear to be significantly inferior to those based on a larger number.

Decay curves for crown 3 obtained using a recorded (40 points) and

using an oscilloscope (52 points) gave very similar lifetime esti-

mates (2.23 versus 2.20 sec, respectively). Better results could

be obtained by determining several decay curves spanning different

portions of the decay instead of just one curve spanning the entire

decay. The data available, however, is believed to be sufficiently

good for the purpose of identifying trends in a large body of

data.

Double exponential analysis of fluorescence decay used a somewhat



314

different equation than that used for phosphorescence decays, since

the initial intensity without the effect of the lamp decay is not

known:

- - t
I - ule klt + uze k2

I is the intensity (number of counts) in time interval including &'

81’ pg, kl, and kg are the parameters. pk and 8% are preexponential

weighting factors and k% and kg are the rate constants.

Single photon counting, as the name suggests, is statistical

in nature. The number of photons counted in a given time interval

is placed in a given channel corresponding to this time interval.

Thus, the error in the time is one-half the channel width. In most

cases, 2.378 n/channel were used. The number of counts in a given

channel is also a matter of statistics. The estimated error, from

observed scatter, is about 10% of the counts recorded. Initial

4 to l x 105 at channel 30, the channel at which data

2

counts of l x 10

analysis was begun, were typical. Counts of l x 10 to l x 103 at

channel 128 were typical. The quality of the decay curve is affected

both by how strongly the sample emits and by how long counts are col-

lected. For highly emissive samples (quantum yield of 0.2 to 0.3),

20 to 30 min was sufficient to build up a well defined decay curve,

as determined by inspection of the oscilloscope logarithmic plot of

the number of counts versus time. Less highly emissive samples

lrequired one to two hours. Decay curves could not be obtained for

complexes with fluorescence quantum yields much less than 0.04
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(Tf couldn't be obtained for rubidium chloride complex of crown 3,

¢f 3 0.02).

Due to their statistical nature, decay curves obtained from the

single photon counting method are not as smooth as the decay curves

obtained using a recorder or an oscilloscope. Thus, while error

estimates for phosphorescence lifetimes (single exponential analysis)

of naphthalene derivatives and crown complexes are about 0.3 and 1%,

respectively, a 1% error estimate is typical for fluorescence life-

times (single exponential analysis) of both naphthalene derivatives

and complexes.

Synthesis

Synthesis of 2,3-Naphtho-20-crown-6 (l)

2,3fi§i§7(hydroxymethyl)naphthalene (4.00 g, 21.28 mmol) was dis-

solved in 600 mL of dry tetrahydrofuran and 60 mL of sieve dried di-

methylformamide and stirred at room temperature under a nitrogen

flow for 45 min before the addition of 4.87 g (43.4 mmol) of potas-

sium Efbutoxide. The resulting white slurry was stirred for 20 min

before the addition (all at once) of 100 mL of dry tetrahydrofuran

containing 11.52 g (21.28 mmol) of pentaethylene glycol ditosylate

(the solution of ditosylate had been under flowing nitrogen for one

h before its addition). The reaction slurry was stirred 12 h

(over night) and then suction filtered through celite. The celite

and potassium tosylate on the filter were washed with dichloromethane.

The filtrate was concentrated on a rotary evaporator using an
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aspirator and finally an oil pump to remove dimethylformemide. The

9.5 g of light orange-brown oil was chromatographed on a column

containing 600 g of 80-200 mesh alumina (Fisher). After initial

elution with 0.5 L of dichloromethane, 0.5% methanol in dichloro-

methane was used. Fractions (21 mL) 183 through 233 contained a

yellow oil which gave, after repeated recrystallization from ether—

pentane, 0.96 g (11.5%) of l with mp 58-59.5°C. Spectral data were:

NMR (CDC13) 6 3.63 (9 H, s), 3.70 (11 H, s), 4.78 (4 H, s), 7.2—7.7

(6 H, m); IR (CHC13) 3010 (m), 1600 (w), 1250 (m), 1120 (s),

1035 (w), 963 (w), and 900 emfl (s); UV (95% EtOH) 3(5), 321.0 (273),

313.5 (273), 306.5 (366), 285 sh (33226), 275.5 (5012), 266.5 (4900),

260 sh (4048), 228 (192876), and 223 sh (8604) nm; mass spectrum

(70 eV) m/e (rel intensity) 390 (3), 170 (24), 169 (24), 168 (22),

155 (66), 154 (94), 153 (39), 152 (17), 133 (46), 128 (12), 89 (100),

77 (43), 59 (22), 45 (65). This product was further purified by

repeated recrystallization to give material (58.5-59.0) suitable for

spectral work.

Anal. Calcd for C : C, 67.67; H, 7.74. Found: C, 67.67;
22H3006

u, 7.89.

Syathesis of l,8-Naphtho-21-crown—6(2)

In a procedure like that described for the synthesis of %,

1,872337(hydroxymethyl)naphthalene (2.00 g, 10.64 mmol), plus 2.44 g

(21.7 mmol) of potassium grbutoxide was reacted with 5.82 g (10.64

mmol) of pentaethylene glycol ditosylate to give 0.345 g (8.3%) of

2 (mp 53-54.5°) after alumina chromatography and repeated
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recrystallization. Spectral data were: NMR (CDC13) 6 3.62 (12 H,

s), 370 (8 H, s), 5.07 (4 H, 8), 7.15-7.8 (6 H, m); IR (CHC13)

3050 (w), 1125 (s), 1909 (s), 840 (m), and 820 em’1 (m); UV (95%

EtOH) 1(8), 318 sh (235), 315 (466), 295.4 (5393), 824.2 (7746),

275.3 (6397), 265 sh (3998), 255 sh (1936), 227.0 (75587), 223 sh

(57471), and 213 sh (24988) nm; mass spectrum (70 eV) m/e (rel in-

tensity) 390 (.5), 182 (.7), 169 (13), 154 (10), 153 (47), 152 (100),

141 (11), 133 (3), 115 (3), 89 (14), 77 (6), 59 (4).

Anal. Calcd for C2233006: C, 67.67; H, 7.74. Found: C, 67.77;

H, 7.79.

Synthesis of 2,3-Bis-(gethoxymethyl)naphthalene (5)

2,3fi§i§7(hydroxymethyl)naphthalene (2.00 g, 10.6 mmol) in 80 mL

of dry tetrahydrofuran was added all at once to 100 mL of a tetra-

hydrofuran suspension of 22.4 mmol of sodium hydride which had been

washed free of oil (1.03 g of 50% dispersion used) by pentane and

tetrahydrofuran and stirred under a nitrogen flow for ten min. The

resulting white suspension was stirred for 0.5 h before the addition

of methyl iodide (14.4 g, 100 mmol) in 100 mL tetrahydrofuran. The

mixture was stirred for 12 h at a room temperature under a nitrogen

atmosphere. After distillation to remove excess methyl iodide (~50

mL of distillate), the reaction mixture was cooled to room tempera-

ture and absolute ethanol added under a nitrogen flow. This mixture

was rotary evaporated at reduced pressure and the residue taken up

in 200 mL of dichloromethane. The dichloromethane solution was

washed with water (3 x 100 mL) and saturated sodium chloride
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(l x 100 mL), dried (MgSOA), filtered, and rotary evaporated at

reduced pressure to give 2.27 g (99% yield) of’é as a yellow oil

which was pure by NMR analysis. This oil was chromatographed on

100 g of neutral alumina (Fisher), nand a center cut (1.75 g) of the

only band eluted by dichloromethane rechromatographed. The later

fractions of this second chromatography gave colorlesslé. Molecular

distillation (55°C, 0.05 nm) produced a clear, colorless oil which

gave the following spectral data: NMR (CDC13) 6 3.24 (6 H, s),

4.43 (4 H, s), 7.2-7.8 (6 H, m): IR (neat) 3069 (m), 1603 (m), 1196

(vs), 1107 (s), 1074 (s), 887 (s), and 755 cm‘1 (8); UV (95% EtOH)

1(6), 320.8 (260), 313.8 (261), 306.5 (340), 284.8 sh (3097), 275.3

(4745), 265.9 (4583), 260 sh (3746), 252.3 sh (3746), 227.1 (132000),

and 221.8 sh (89910) nm; mass spectrum (70 eV) m/e (rel intensity)

216 (11), 185 (18), 184 (100), 183 (23), 169 (76), 155 (78), 141

(88), 128 (16), 115 (45).

Anal. Calcd for Cl4Hl602: C, 77.45; H, 7.46. Found: C, 77.23;

H, 7.42.

Synthesis of l,8-Bis-Smethogygethyl)naphthalene (g)
 

In a procedure like that used for g, a suspension of l,8fbigf

(hydroxymethyl)naphthalene (2.00 g, 10.6 mmol) and sodium hydride

(1.03 g of 50% oil dispersion, 22.4 mmol) was reacted with methyl

iodide (14.4 g, 100 mmol). Crystallization proceeded spontaneously

upon removal of the dichloromethane during the workup to give 2.4 g

of yellow crystals. This crude product was recrystallized once from
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pentane to give 1.95 g of 6 (86%, crude yield). This material was

recrystallized four additional times to give material suitable for

spectral work, mp 59.5-60.00C. Spectral data were: NMR (CClA)

6 3.21 (6 H, s), 4.81 (4 H, s), 7.1-7.7 (6 H, m); IR (nujol, fluoro-

lube mulls) 3055 (w), 1175 (s), 1120 (m), 1075 (s), 893 (m), 842

(m), 805 (s), 775 (s), and 687 (m) curl; UV (957. EtOH) 1(a). 318.2

(230), 314.6 (430), 294.8 (5463), 283.9 (7850), 274.4 (6538), 266 sh

(4288), 226.3 (83500), 222 sh (63750), and 211 sh (25000) nm; mass

spectrum (70 eV) m/e (rel intensity) 216 (9.2), 185 (18).

l,5-Naphtho-22-Crown—6 (3)

A solution of pentaethylene glycol (2.39 g, 10 mmol) and 1,5-

big:(bromomethyl)naphthalene (3.14 g, 10 mmol) in 150 mL dry tetra-

hydrofuran was added dropwise to a refluxing tetrahydrofuran slurry

(500 mL) of potassium Erbutoxide (2.36 g, 21 mmol) over a 6 h period

under a dry nitrogen atmosphere. The slurry was stirred at reflux

another 4 h before filtration and subsequent washing of the filter

cake with tetrahydrofuran. Solvent was removed from the filtrate

under vacuum, and the resulting yellow oil chromatographed on alumina

in a quartz column (400 g Fisher alumina with LUMILUX added) and

eluted with dichloromethane-methanol (200:1). The first band which

was observable on the column using a 375 nm lamp gave a yellowbbrown

oil. Some fractions of this band crystallized from ether-pentane.

After repeated recrystallizations from ether-pentane, 0.54 g (14.2%)

of‘e were obtained, mp 55.5-57.00C. Spectral data were: NMR (CDC13)

6 3.10 (4 H, s), 3.25 (8 H, s), 3.53 (8 H, s), 4.92 (4 H, s), 7.37
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(4 H, m), 8.00 (2 H, m); IR (CHC13) 2975 (m), 2942 (s), 2898 (s),

2865 (s), 1502 (m), 1407 (m), 1291 (m), 1176 (s), 1110 (m), 1036 (m),

826 (m); UV (95% EtOH) 1(6), 318.1 (275), 314.6 (475), 296.3 (6030),

284.4 (8300), 274.7 (6680), 266.7 sh (4300) 259 sh (2250), 228.1

(78500) 210.6 sh (26000); mass spectrum (70 eV) m/e (rel. intensity)

390 (53), 174 (4), 169 (19), 155 (43), 154 (100), 153 (35), 141 (23),

133 (36), 105 (15), 89 (71).

Anal. Calcd for CZZH3006: C, 67.67; H, 7.74. Found: C, 67.77;

H, 7.79.

l 5-Bis— metho eth 1 na hthalene

1,51Bigf(bromomethyl)naphthalene (1.38 g, 4.39 mmol) was added

in one portion to 250 mL of a methanol solution of sodium methoxide

(2.85 g, 52.7 mmol) which had been prepared under a nitrogen flow.

The resulting mixture was stirred under a nitrogen flow for another

15 min before heating was commenced. After 24 h at reflux, the mixture

was allowed to cool to room temperature before pouring into 500 mL

of ice—water, followed by careful neutralization with concentrated

hydrochloric acid. The white precipitate which formed upon pouring

into the ice water was removed by vacuum filtration and washed care-

fully with water. After prolonged air drying, 0.33 g (35%), mp

60-610C, of white solid was obtained. After repeated recrystallization

from pentane, white crystals of 8, mp 62-6300, were obtained. Spec-

tral data were: NMR (CD013) 6 3.37 (6 H, s), 4.80 (4 H, s), 7.33

(4 H, m), 7.90 (2 H, m); IR (CHC13) 3025 (m), 2900 (s), 2925 (s),

2875 (s), 2825 (s), 1500 (w), 1450 (m), 1375 (m), 1175 (m), 1085 (vs),
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950 (m), 920 (m); UV (95% EtOH) 2(6) 318.6 (285), 314.8 (500), 295.5

(6250), 284.7 (8650), 274.6 (6888), 268 sh (4225), 227.1 (78880),

223.1 (62130); mass spectrum (70 eV) m/e (rel. intensity) 216 (100.0),

201 (4), 185 (35), 184 (30), 171 (24), 169 (48), 156 (76), 155 (26),

154 (30), 141 (49), 128 (14), 115 (22).

Anal. Calcd for C14Hl602: C, 77.45; H, 7.46. Found: C, 77.60;

H, 7040.

Preparation of Haloalkylammonium Chlorides

Haloalkylammonium chloride salts, except for 3—iodopropylammonium

chloride, were prepared from either the bromide or iodide salt yia

ion exchange according to the following general procedure.

New Dowex 21 K resin was conditioned by first washing with water,

then with methanol-water (1:1), then methanol, then methanoldwater

(1:1), then water, then 10% hydrochloric acid, and finally with water

until neutral.

An aqueous solution of the bromide or iodide salt (25 mmol) was

passed through 200 g of conditioned Dowex 21 K resin (estimated 5

mequiv. chloride per gram resin) packed in water in a 1-1/2" column.

Development of the column was followed by checking the eluate for

chloride by treating with 5% aqueous silver nitrate. water was

removed under reduced pressure at less than 40°C using a rotary

evaporator. Absolute alcohol was added after most of the water had

been removed to facilitate removal of the remaining water. The solid

which precipitated as the solvent was removed was purified by
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recrystallization as indicated in the reagent purification section.

Spectral properties of the prepared salts are given below.

gzgromoethylammonium Chlpride - Prepared by above procedure from

the bromide (from Aldrich, mp 172-174°C). Mp of chloride salt is

130-132°c. NMR (DMSO-d6): 6 3.2 (2 n, r), 3.7 (2 H, r), 8.2 (3 H,

br 8).

Anal. Calcd for C2H7NBrCl: C, 14.97; H, 4.40; Cl, 22.10; Br,

49.80. Found: C, 14.84, H, 4.13; Cl, 20.37; Br, 53.11.

NMR (DMSO-dé) of 2-chloroethylammonium chloride (from Aldrich, mp

143-146°C): 5 3.2 (2 a, t), 3.9 (2 a, t), 8.5 (3 H, br s).

3-Bromopropylammonium Chloride — Prepared by the above procedure

from the bromide (from Aldrich, mp, 171—172°C). Mp of chloride salt

is 152-153°C. NMR (DMSO-d6): 8 2.2 (2 a, qt), 3.1 (2 H, br t),

3.6 (2 H, t), 8.0 (3 H, br s).

2—Iodoethy1ammonium Chloride - Prepared from the iodide by the

above procedure. The iodide salt was prepared from 2-ethanolamine

according to the procedure of Billimoria and Lewis. Mp of the

chloride salt is 151.5-154.0°C. Spectral data were: NMR (DMSO-d6)

6 3.2 (3 H, m), 3.9 (l H, br t), 8.1 (3 H, br s); mass spectrum (70 eV),

highest m/e at 171, MFHCl.

Q-Iodopropylammonium Chloride - 3-Bromopropylammonium bromide

(5.00 g, 24.4 mmol) was added to sodium iodide (40 g, 266 mmol)

dissolved in 100 mL of acetone. The resulting suspension was stirred
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at room temperature for three days, after which the mixture was poured

into 500 mL ice/water in contact with 500 mL dichloromethane. The

aqueous layer was neutralized with 15% sodium hydroxide and extracted

several additional times with dichloromethane. The dichloromethane

extract was washed, first with water, then with saturated sodium

chloride, and dried by gravity filtration through anhydrous sodium

sulfate. Dry hydrochloric acid (Matheson, technical grade) was

passed through the dried dichloromethane extract, and the white

solid which precipitated removed by vacuum filtration and washed

thoroughly with dichloromethane. The mp after recrystallization (see

reagent purity section) was loo-101°C. Spectral data were: NMR

(DMSO-d6) 6 2.0 (2 H, br t), 3.2 (2 H, br s), 3.7 (2 H, t), 7.9

(3 H, br 3); mass spectrum (70 e/v), highest m/e at 185, M—HCl.
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