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VIBRATIONAL SPECTRA OF DIAZOPROPYNE AND ITS
PHOTOLYSIS PRODUCT: THE PROPARGYLENE RADICAL

By
Frank K. Chi
H

Diazopropyne (H-CEC-é=N=N) and a partially deuterated
isotopic mixture (H-CEC—CH=N=N, H-C=C—-CD=N=N, D-C=C-CH=N=N
and D-C=C-CD=N=N) were synthesized. Vibrational spectra
have been obtained for diazopropyne and its mixed deuterated
analogs in the gaseous and solid states, and in matrix iso-
lation. A valence force field normal coordinate analysis
has been performed on the basis of C, symmetry, using
molecular geometric parameters and initial force constants
from related molecules, and refined to fit the infrared and
Raman spectra of the isotopic species. Information re-
garding the electronic charge distribhution of diazopropyne
was provided by the final calculated force constants which
suggest that diazopropyne has possible resonance structures,
such as (H-C=C-CH=N=N <—> H-C=C-CH-N=N <—> H-C=C=CH-N=N).

Photolysis of matrix-isolated diazopropyne gives rise
to several new spectral features, some attributable to the
propargylene free radical. The existence of triplet
H-C=C=C-H in the matrix is confirmed by ESR measurements.

The normal coordinate analysis of CgHy, C3HD, and C3Dy, has
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been carried out on the basis of D_ , symmetry (CODV for
CzHD). The final calculated force constants give fre-
quencies in excellent agreement with the matrix infrared
spectra, and suggest that the skeletal C=C=C bonding situ-
ation in C3H, is similar to that of Cg and allene (CgHy)-
CgH, has possible resonance structures (H-C=C=C-H ~—>
H-C=C-C-H <— H-C-C=C-H) with outer orbital electron density
distributed primarily at the end carbons of the radical.
The C=C=C bending force constant of CzH, is intermediate
between those of C3 and CO,, supporting the correlation
between the occupancy of the Wg orbital and the value of
the central carbon bending force constant in molecules of

this type.
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INTRODUCTION

Free radicals have played an important role in the de-
velopment of chemistry in this century. 1In 1918 Nernst
suggested (1) that the individual atoms H and Cl were
involved as intermediates in the photochemical reaction of
hydrogen and chlorine molecules. In 1929, Paneth and
Hofeditz (2) postulated that alkyl free radicals were
formed upon thermal decomposition of metal alkyls, as ac-
counted for by the removal of a metal film in the metal
mirror experiments. Free radicals were subsequently pro-
posed as reaction intermediates by many prominent chemists
(3). The understanding of the nature of free radicals in-
volved in reaction schemes can improve the validity of a
proposed mechanism in a related chemical process.

Free radicals are defined as species which have one or
more unpaired electrons. Thus they provide unique tests
for the theory of chemical bonding, since the unpaired
electrons of the free radical provide a great opportunity
for electronic interaction with neighboring atoms and groups.
Knowledge of the vibrational spectrum of simple free radicals
can provide information regarding the structure and bonding
of these interesting chemical species. Due to the extremely

reactive nature of many free radicals, the direct detection

1
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of free radicals by means of conventional spectroscopy was
not possible. However, the use of rigid, inert host matrix
materials such as argon and nitrogen for the isolation of
guest molecules providing sources of free radical upon in
situ photolysis was pioneered in the laboratory of Pimentel
(shittle et al., 1954) (4). Subsequent application of this
technique by Milligan and Jacox (5) and many other workers
has demonstrated its power for preparing and stabilizing
free radicals and other reactive species for direct spectro-
scopic observation.

The purpose of this work is twofold: to elucidate the
vibrational spectrum and structure of the propargylene free
radical CgH, (H-C=Cc=C-H), and concomitantly to study the
vibrational spectrum of its parent molecule, diazopropyne,
CaHgNy, (H-C=C-CH=N=N). Few diazo-compounds have been studied
by vibrational spectroscopy, the only complete work being
diazomethane, CHyN, (6), which provides some helpful informa-
tion for the vibrational study of diazopropyne.

The propargylene free radical has been observed by
Skell (7), who has demonstrated by means of electron spin
resonance spectroscopy that diazopropyne yields the propar-
gylene radical when photolyzed in various organic solvents
at liquid nitrogen temperature (77°K). 1In addition the
electronic absorption spectra of the propargylene radical
and C5 radical from the flash photolysis of diazopropyne
were obtained by Merer (8), however, no ground state vibra-
tional information was obtained in this study. The diazo-

propyne molecule thus offered the possibility of producing
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the propargylene radical (xlg photolysis in an inert gas
matrix) which could be detected by infrared and/or Raman
spectroscopy. The vibrational study of the propargylene
radical would add information on the correlation of elec-
tronic structures and vibrational force constants in some
linear molecules with cumulated double bonds, such as Cj4

(9), C302 (10), CaSz (11), C3N2 (12), C3H4 (13), etc.



CHAPTER I

THE INFRARED AND RAMAN SPECTRA OF DIAZOPROPYNE

Diazopropyne, CzHyNz, the molecule chosen in this work
as the potential parent of the propargylene radical, has not
been previously studied spectroscopically. There have been
a number of studies of related molecules, such as diazo-
methane CH;N, (6), dicyanodiazomethane (CN),CN, (12), and
the propargyl halides H-C=C-CH,X (14), which provide cor-
relation in the assignment of fundamental frequencies for
diazopropyne. A valence force field can be constructed using
the force constants adapted from these related molecules and
used as a starting point for the normal coordinate analysis
of diazopropyne.

The relative positions of the vibrational fundamentals,
such as the characteristic N=N stretch and C=N stretch,
and the values of the associated force constants in the
diazo-compound should provide some indication of the elec-
tronic distribution, for example the degree to which possible
resonance structures are important in this molecule. The
thorough understanding of the diazopropyne parent molecule
will also provide assistance in the understanding of the
vibrational spectra of the photolysis products, in particular

the propargylene radical.
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In this chapter, the author presents infrared spectral
data concerning gaseous, solid and matrix-isolated diazo-
propyne C3HaN; (H-CZC-CH=N=N), and its isotopic molecules
C3HDN, (D-C=C-CH=N=N), C3DHN, (H-C=C-CD=N=N), C3D,N,
(D=c=C-CD=N=N), and C3H,N!5N (H-C=C-CH=N=1!5N), and Raman
spectral data regarding solid diazopropyne and its deuterated
isotopic molecules CzHDNy, CgDHN,, and C3D,N,. A complete
vibrational analysis has been performed on diazopropyne;
thus the vibrational assignment of the fundamentals is

achieved.

Experimental

Preparation of diazopropyne:

As most diazo-compounds, diazopropyne is a very unstable
material with a relatively high vapor pressure at room tem-
perature. It decomposes quickly in the presence of light.
Diazopropyne was prepared according to the general method
for synthesizing diazo-compounds (15). The starting material
used was propargyl amine; the entire process of preparation

can be shown in the following reaction equations:

HC=C-CHgNH,; + HCl ——> HC=C-CHzNH; *HC1l

HySO
KCNO . He=C—CH,-NH-C-NH; —2——%> HC=C-CH,-N — C-NHj
n NaN02 . n
o NO O
Propargyl urea nitroso-propargyl urea

NaOH S
NazHPO4 d 7H20

HC=C-CH=N=N + NH3 + CO, .

diazopropyne
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The final product diazopropyne was carried from aqueous
solution by dry nitrogen gas into a trap which was connected
through a second trap to a vacuum line. These two traps
were immersed in liquid nitrogen contained in dewars. The
resulting mixture was vacuum distilled at 80°K to remove

the nitrogen gas, followed by vacuum distillation from

193%K (dry ice-acetone bath) to 80°K (liquid nitrogen) and
from 273%K (salt-ice bath) to 1939k (dry ice-acetone bath),
which gave essentially pure diazopropyne, confirmed by the
absence of significant impurity absorption in the infrared
spectrum. The final product was a bright yellow solid at
liquid nitrogen temperature and a slightly darker yellow
solid at 193%k. This indicates that solid diazopropyne might
exist in two different solid phases at the two different
temperatures.

Deuterated diazopropyne was also prepared, the pro-
cedure being simply the reaction of nitrosopropargyl urea,
sodium hydroxide and sodium hydrogen phosphate in heavy
water (D,0) solution instead of normal water (Hp,0) solution
at the last step of the synthesis. There were four products
formed at the end of this reaction, namely, CgH3Njy
(H-C=C-CH=N=N), CgHDN, (D-C=C-CH=N=N), CgDHN, (H-C=C-CD=N=N)
and CgDgN, (D-C=C-CD=N=N).

Attempﬁs to prepare pure CgDaNy by using NaOD and
NagDPO, instead of NaOH and NajsHPO4 respectively in the last
step of the reaction sequence were not successful; this
might be due to the slow exchange rate between hydrogen and

deuterium under the comnditions of the synthesis.
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The CgH,N!5N was prepared by using NalSNO, instead of
NaNO, in the nitrosation of propargyl urea, the remaining
reaction sequence being the same. Since only a small quan-
tity of Nal5NO, was available, it was necessary to mix the
labeled material with some normal NaNO, in this step in order
to produce a satisfactory yield of the diazopropyne product
for detection by infrared and Raman spectroscopy.

The decomposition of diazopropyne, especially in the
gaseous phase, occurred when it was exposed to heat or
radiation. Solid diazopropyne exploded readily at liquid
nitrogen temperature under any kind of disturbance. Thus
it is important that diazopropyne, especially in solid form,
should be handled with extreme care. It is advisable to
use no more than 1.5 grams of nitrosopropargyl urea for the
reaction in base solution to produce diazopropyne, because
the greater the quantity of diazopropyne present the harder
it is to handle and to control. At the start of this work
the author experienced several unpleasant explosions, but
gradually it was learned how to handle diazopropyne with

reasonable confidence.
Spectra of Diazopropyne:

(a) Gaseous diazopropyne was placed in a 10 cm long
gas cell fitted with CsI windows. The gas phase infrared
spectrum had to be taken in a short period of time since
diazopropyne decomposed under exposure to the source radi-

ation, as well as thermally.
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(b) Pure liquid diazopropyne could not be obtained,
and there werc also no suitable solvents available. Llher
and pentane are good solvents for diazopropyne, but their
absorption bands overlap with diazopropyne's in the certain
regions of the infrared spectrum. Therefore it was not
possible to obtain the complete spectrum of diazopropyne in
the liquid phase or in solution.

(c) The infrared spectra of solid diazopropyne at 80°K
were obtained by spraying the sample onto a cooled CsI
window which was installed in an Andonian Associates Model
D-307 liquid helium dewar (Fig. 1). The coolant used in
the inner jacket was liquid nitrogen instead of ligquid helium.
The temperature of the solid was in the neighborhood of 800k.

The Andonian liquid helium dewar consists of two
parts: (1) the outer jacket holding liquid nitrogen which
also cools a radiation shield, and (2) the inner jacket
which normally holds liquid helium. A stainless steel tube
in which a variable pressure of helium gas which can be
maintained in good thermal contact with the window holder
passes through the coolant in the inner jacket. The pres-
sure of the helium gas and an auxilliary heater can be used
to control the temperature at the window holder. Helium
gas is liquified in the bottom of this tube if the gas
pressure is greater than one atmosphere when liquid helium
is contained in the inner coolant reservoir. The space
between the outer jacket and the inner jacket can be evacu-

ated. The lower portion of the jacket can be rotated,



Figure 1. Andonian Associates Model D-307 liquid helium
dewar.

Exchange gas port

Nitrogen fill

Helium fill and vent

Nitrogen vent

Dewar body outer shell

Nitrogen reservoir

Helium well

Vacuum insulation

Exchange gas chamber

Extended area heat exchanger

Outer tail

Nitrogen temperature radiation shield
Cold finger - sample mounting platform

Demountable window

ozZXpR4gH I OH"ME OOy

Sample temperature radiation shield
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allowing deposition and photolysis to be performed sequenti-
ally. For taking Raman spectra of solid diazopropyne at
80°K, an "L"-shaped Pyrex glass cryostat (Fig. 2) was used,
which consists of two parts: (1) the outer portion for
insulation, and (2) the concentric inner jacket holding
liquid nitrogen. The copper deposition head is connected
to the inner jacket with a Kovar metal-to-glass seal.

For the solid diazopropyne spectra at around 30°K, a
Malaker Corp. Cryomite Mark VII-C closed-cycle helium re-
frigerator was used. A platinum resistor and a Zener diode
were installed at the cold head of the Cryomite for moni-
toring and controlling the temperature. For taking solid
and matrix-isolated diazopropyne infrared spectra a copper
window holder was fitted on the Cryomite, and an inverted
"T"-shaped brass outer jacket was used for insulation,
spray-on and photolysis purposes (see details in Fig. 3).
The windows used were CsI for the normal infrared region
and polyethylene for the far infrared region. The substrate
window upon which the sample was deposited was mounted in
good thermal contact with the copper window holder to in-
sure rapid dissipation of the thermal energy of the sample
upon condensation. Indium spacers were used for this purpose.
For obtaining Raman spectra, a sharp-angle spray-on copper
sample head was fitted on the Cryomite (Fig. 4), and a
glass outer jacket was used to maintain vacuum.

For matrix isolation experiments, noble gases such as

neon, krypton and xenon are the best host materials, since
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Spray-on infrared cell for Malaker refrigerator.
O-ring
CsI window for infrared spectrum taking

Spray-on nozzle is soldered on a circular copper
disk, which is pressed onto the cell with an
aluminum flange,

Needle valve for controlling the flow of the gas
mixture

To place quartz window for photolysis purpose ,

CsI window used for deposition purpose is placed
in the copper window holder which is attached to
the cryomite,

Connection to the cryomite, which enables rotation
of the outer jacket for spray-on and photolysis
purposes
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Figure 4.

A.

B.
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Spray-on cell for Malaker refrigerator.

Closed sample head for Malaker refrigerator.

Both sample cells were contained inside a
2-inch outer vacuum jacket

Attached to Malaker cold head

1" Kovar seal

Spray-on nozzle

Remainder same as design B.

Silver soldered

1/2" Kovar seal

1/8" Kovar seal

1/16" thin-walled stainless steel tubing coil

1/2" outside vacuum jacket spacer with 1/16"
tubing feed-thru
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they are free from absorption in the vibrational frequency
region. Nitrogen is also a good matrix material which is
often used. Since the Cryomite in our laboratory cannot
provide temperatures lower than 25°K, neon, argon and
nitrogen could not be used for matrix material in our experi-
ments. Experience from various experiments demonstrated
that krypton was the best matrix material for diazopropyne
at 25%K. Xenon was also suitable, but due to its large
size it scattered quite strongly. Thus the matrix-isolated
diazopropyne spectra in a krypton host were better than
those obtained using xenon matrices. (Carbon tetrachloride,
carbon monoxide and carbon dioxide were not good matrix
materials for diazopropyne at 259Kk).

Matrix samples are the collection of randomly oriented
micro-crystals formed by rapid quenching from the gas. It
is desired to produce a matrix with the maximum possible
sample isolation within the host matrix, yet which is as
transparent as possible in order to transmit the maximum
amount of source radiation. The sample deposition rate is
an important factor because it controls the degree of iso-
lation of the sample within the host lattice and the trans-
parency of the matrix. A relatively slow deposition rate
of 1-3 m mole per hour was preferred, and the host-to-
sample ratio was about 200 to 1 in the diazopropyne matrix
isolation experiments. Several reviews of the matrix iso-
lation technique have been published (16), which are most

useful for planning and carrying through such experiments.
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Infrared spectra were obtained using a Perkin-Elmer

Model 225 grating spectrophotometer in the region 4000 cm” !

to 200 cm-l, with resolution better than 1 cm ! above 450
cm ! and 1 to 2 cm ! below 450 cem '. The spectrophotometer
was calibrated against water vapor and carbon dioxide, and
the reported frequencies should be accurate within *2 cm L.
An RIIC - Beckman Model FS-720 Fourier Transform
spectrometer (interferometer) was used for obtaining infra-
red spectra below 200 cm~'. As mentioned earlier, the final
product, diazopropyne, was collected from aqueous solution.
Drying agents such as Drierite and silica gel were not used
in the preparation since they adsorbed gaseous diazopropyne
strongly. Since water vapor absorbs quite strongly below
300 cm-1 and the amount of diazopropyne was quite small, no
gas phase diazopropyne spectra could be obtained in this
range. Spectra of solid diazopropyne were obtained below

200 cm ! with 2 cm !

resolution. It required a large amount
of sample in order to obtain a decent spectrum.

It was not possible to obtain infrared spectra of
matrix isolated diazopropyne below 200 cm-l. One potential
cause of this problem might be the relatively poor thermal
conductivity between the copper window holder and the poly-
ethylene window, which could lead to the formation of a non-
rigid matrix, with subsequent aggregation of the guest
molecules.

Solid Raman spectra were obtained using a Spectra-

Physics Model 125 He-Ne laser or a Coherent Radiation
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Laboratory Model 52B krypton laser as excitation sources,
and a Spex Model 1400 double monochromator to disperse the
scattered radiation. The Raman spectrum above 3000 cm !
was not obtainable since the sensitivity of the photo-
multipliers used (ITT-FW-130 and RCA C31034) decrease
rapidly in this range when the red lines of the He - Ne or
krypton laser are used as excitation sources. An argon ion
laser could not be used since diazopropyne absorbs in the
green (5145 &) and blue (4880 X), and may also decompose
under the influence of the radiation from this laser. Reso-

lution and frequency accuracy were approximately *4 em™ ! in

the Raman studies.

Results and Discussion

From comparison with the related molecule diazoaceto-
nitrile, N=C-CH=N=N (17), which has C, symmetry, the
diazopropyne is assumed to have the symmetry Cqi Fvib =
11 A' + 4 A". 1It follows that there will be fifteen dis-
tinct fundamental vibrational frequencies, of which eleven
will belong to the A' symmetry class and four to the A"
symmetry class. All normal vibrations are both infrared
and Raman active.

The gas phase spectrum of diazopropyne is preferred
for the normal coordinate analysis. Since the molecules
vibrate freely in the vapor, the observed gas phase fre-

quencies represent the true vibrational frequencies, con-

sidering vibration-rotation interactions and other small
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perturbations to be negligible. The spectra of gaseous
diazopropyne and its mixed deuterated molecules CgHy;N,,
CgHDNz, C3DHN,, and C3Dy;N; are shown in Figure 5 and Figure
6 respectively. The frequencies and their relative intensi-
ties are listed in Tables I and II.

In assigning the gas phase spectrum of diazopropyne,
the following information was utilized: (1) type of rota-
tion-vibration band envelope, (2) the frequencies of related
molecules, (3) an initial normal coordinate calculation uti-
lizing force constants transferred from similar bonding situ-
ations, (4) frequencies from spectra of solid and matrix-iso-
lated diazopropyne, and (5) frequencies shifts upon isotopic
substitution. Since there are only two symmetry classes in
diazopropyne, the infromation from the type of band envelope
is very helpful. Diazopropyne is an asymmetric top molecule,
and thus all the vibrations in the molecular plane will give
A-type or B-type bands (with higher intensity in the P, R
branches or Q;, Qi branch), whereas vibrations out of the
molecular plane will give C-type bands (with higher intensity
in the Q branch) (18). On this basis, one should be able
to assign all the absorption bands to their proper symmetry
species, A' or A". The principal inertial axes of diazo-
propyne, which are calculated from bond angles and lengths
(adapted from the related molecules, diazoacetonitrile and
diazomethane) are depicted in Figure 7.

Microwave spectra of diazopropyne were taken in the
regions, 26500-31000 MHz and 36380-39600 MHz. The spectra
in the above ranges were quite decent. The spectrum in the

range 18000-215000 MHz was also taken, but was not
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Table I. Observed infrared absorption bands of diazopropyne
vapor (2989K).

Frequency Frequency
(cm-l) Band Type (cm-l) Band Type
3338 Q (sg B 832 R (w) B
3325 Q (s 818 P (w)
3107 R wg B 689 R (m) B
3093 P (w 674 P (m)
2335 R (wg B 540 R Em) c
2328 p (w 531 Q (s)
2126 Q (s B 504 (w) ?
2112 Q (s
476 (w) C
2079 Q (vs B
2060 Q (vs
355 Q (s) B
346 Q (s)
1364 R m; B
1353 P (m
1180 R (w
1168 Q (w B
1163; Q (w
1150) P (w
1064 R (m B
1053 P (m
Symbols: R, P - branch designation.

vs = very strong,

w - weak,

s - strong,

( ) - uncertain band.

m - medium,
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Table II. Observed infrared absorption bands of a mixturc of
gaseous diazopropyne and its deuterated molecules.

Frequencies Band Type Frequencies Band Type
(em™1) (em™t)
3335 Q (s B 1172 vw
3320 @ (s 1152 vw
3110 R w; B 1062 Em; B
3100 P (w 1050 m
2605 Q gsg B 816 R (w) B
2594 Q (s 804 P (m)
2270 R (w B 688 R wg B
2260 P (w 676 P (m
2090 R (vs) 540 R Em; c
2075 Q (vs A 529 Q (s
2060 P (vs
475 Q (m) c
1985 R (m B
1975 P (m
442 w)
410 wg
1360 R (w) B 404 w
1346 P (w) 356 sh)
346 s
332 m
1284 R wg B 288 vw )
1270 P (w 284 w)
Symbols: R, Q, P - branch designation.
vs - very strong, s - strong, m - medium,

w - weak vw - very weak, sh - shoulder,

( ) - uncertain band.
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satisfactory. Satellite bands of some transitions were ob-
served. The satellite band has the same band shape as its
parent transition (rotational transition in the ground vibra-
tional state), but with less intensity, and is due to the
rotational transition in the first excited vibrational
state. Such satellite bands only occur when the first ex-
cited vibrational state lies not too far above the ground
vibrational state. If the molecule has a low bending fre-
quency (around 200 em ! or below), satellite bands will pos-
sibly be present in the microwave spectrum. From the in-
tensities of the parent and satellite bands, a vibrational
frequency for the transition from the vibrational ground
state to first excited state can be approximately calculated
by the Boltzmann equation.

By using bond lengths and bond angles adapted
from the related molecule diazoacetonitrile (17), and Pro-
fessor R. H. Schwendeman's computer programs STRUCT and
EIGVALS, a rotational analysis can be carried out to fit
observed frequencies, and refined rotational constants of
diazopropyne can be calculated. A reasonable fit was obtained
in the 26500-31000 MHz and 36380-39600 MHz regions. The
fit below 26500 MHz was not satisfactory; this is perhaps
due to the uncertainty of the observed bands below 26500
MHz. Thus a harder search has to be made in the region
below 26500 MHz. However, with the aid of the rotational
calculation, a preliminary A-type assignment was achieved,

which is not shown in detail in this dissertation. The
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tentative rotational constants for diazopropyne are obtained
as follows: A = 28968 Mmyz, B = 2785 MHz, and
C = 2653 MHz.

Due to the unstable nature of the molecule, the amount
of diazopropyne in the gas phase should decrease with time
because of decomposition. The intensities of the vibrational
absorption bands due to diazopropyne should be decreased
proportionally as time elapses. For those bands which are
not due to diazopropyne, the intensities should either grow
or remain the same with respect to the time. Thus it is
not too difficult to identify the vibrational absorption
bands which are due to diazopropyne. Much higher resolution
than is available in our laboratory would be required for
an attempt to perform a rotational analysis of the vibra-
tion-rotation bands of diazopropyne. Only the envelopes of
the bands were obtained for the gas phase spectra.

Based on the shapes of the band envelopes, the fre-
qguencies from related molecules, the results of an initial
normal coordinate calculation, the frequencies of matrix
isolated diazopropyne, and the deuterium - substitution
study, most of the absorption bands have been assigned with
certainty, except those bands below 600 cm !. There are
four or five overlapping bands between 570 cm~ ! and 440
cm~!, with total band width of approximately 80 cm ' (see
Fig. 5). The normal A- or B-type band width is about
20 cm~! for diazopropyne. The bands at 531 cm * and 476

cm™ ! are the only two distinct C-type bands, which are due
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to two of the out-of-plane bending motions of the diazo-
propyne molecule. The band at 540 cm ' looked like an A-
or B-type band overlapping with the 531 cm~ ' band, but in
the matrix spectrum, there is only one band at 525 cm-l,
corresponding to the 531 cm-1 band in the gas phase spectrum.
The band at 540 cm ' in the matrix spectrum is due to di-
azopropyne dimer or polymer since its intensity varies
with different host-to-sample ratio. Thus, there is no
band in the matrix spectrum corresponding to the 540 cm t
band in the gas phase spectrum. Therefore, the band at
540 cm ' is possibly the R branch of the 531 cm™ ' band.
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