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Coherent Raman and infrared spectroscopy of HCN complexes in free jet
expansions and in equilibrium samples

M. Maroncelli,® G. A. Hopkins, and J. W. Nibler
Department of Chemistry, Oregon State University, Corvallis, Oregon $7330

T.R. Dyke
University of Oregon, Eugene, Oregon 97403

{Received 6 March 1985; accepted 20 May 1985)

Small hydrogen bonded complexes of HCN and DCN have been examined in the gas phase using
FTIR and photoacoustic Raman spectroscopy (PARS). Four distinct bands are seen and assigned
to CN stretching modes of the HCN dimer (D ) and trimer (7). Previous microwave studies have
shown the HCN dimer to be linear and analysis of the IR trimer band shape unambiguously
demonstrates that the HCN trimer is also linear. The pressure dependent intensity of the observed
transitions yields IR and Raman cross sections relative to the monomer of: (o, /0y g = 30 + 10,
(or/0shr =500 + 200, (05 /0p)ram = 0.5 + 0.1, (07/04)ram = 3.3 + 0.7. The dramatic
enhancements seen in the IR cross sections are due to small but significant (~2 X} changes in the
CH bond dipole derivative. CARS spectroscopy has been used to examine the complexes formed
in supersonic expansions of pure HCN {DCN) and HCN diluted in Ar and He carriers. Due to the
cooling and collision-free conditions in the jet, this method yields higher effective resolution than
is possible with equilibrium samples. The added ability to “tune” the size of complexes by varying
expansion conditions has allowed us to observe a number of other modes in HCN and DCN dimer
and trimer as well as in higher polymers. These data have been used to partially refine a harmonic

valence force field for the stretching modes of the dimer and trimer complexes.

I. INTRODUCTION

Hydrogen bonding plays a critical role in many chemi-
cal and biological processes and has therefore been a subject
of lasting interest to chemists.! Among the methods used to
study hydrogen bonding, gas phase spectroscopy of small A~
H..-B complexes has been the most successful in determining
the nature of the potential energy surface upon which the
hydrogen atom moves. In particular, the recent marriage of
microwave spectroscopy and supersonic expansion tech-
niques has yielded rotational data which locate the mini-
mum of the potential surface and provide information con-
cerning charge distributions in a variety of hydrogen bonded
complexes.™ In favorable cases, centrifugal distortion con-
stants and hot band intensities determined from microwave
studies also allow for crude estimates of vibrational frequen-
cies. These vibrational data are necessary if one is to develop
a more accurate representation of the shape of the potential
surface. However very few direct measurements of such val-
ues have been made for complexes in the gas phase.

Infrared vibrational spectroscopy has long been one of
the classical methods used to study hydrogen bonding and
an enormous literature concerning condensed phases exists. !
Unfortunately, such studies are of limited quantitative value
in defining the potential energy function since the perturba-
tions caused by solvation and aggregation are nonnegligible
compared to the hydrogen bonding interaction itself.

Most gas phase vibrational investigations have been li-
mited to room temperature infrared measurements of the
high frequency A-H stretching modes. These transitions
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tend to be very broad, sometimes exhibiting substructure
whose analysis can yield information about the low frequen-
¢y hydrogen bond vibrations.* Due to interference from
the rotational structure of the monomer absorptions, only
fairly strong hydrogen bonds, whose A~H frequencies are
appreciably shifted from the monomer, can be easily studied.
Much more detail is available from the spectrum if the
linewidths and extent of monomer rotational structure are
reduced by cooling.

Using tunable IR lasers and a cold White cell, Pine and
co-workers have succeeded in obtaining rotationally re-
solved spectra of the HF” and HCI dimers.® Very recently,
tunable IR laser absorption studies of supersonic expansions
have yielded rotationally resolved spectra for van der Waals
complexes of inert gases bound to OCS and N,O.? Similar
data for other complexes is becoming available from IR vi-
brational predissociation spectroscopy (IVPS)!%!! and elec-
tric resonance techniques.'” In contrast to the sharp line
spectra (0.1-1 GHz widths) frequently observed in these ex-
periments, linewidths of a few wave numbers have observed
for IVPS experiments with CH,OH and NH, dimers'* and
attributed to a homogeneous broadening mechanism. The
vibrational relaxation and predissociation processes leading
to this diversity of behavior are not well understood and are
currently the subject of considerable theoretical and experi-
mental effort.

Raman spectra of hydrogen bonded complexes can pro-
vide vibrational detail complementary to that obtained by
infrared methods. In a recent paper,’* we demonstrated the
first use of coherent anti-Stokes Raman spectroscopy
(CARS) for obtaining such spectra of hydrogen bonded mol-
ecules in supersonic expansions. This technique is especially
attractive since the wide tunability of the visible lasers em-
ployed provides access to most of the vibrational region, per-
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haps even the low frequency hydrogen bond stretching and
bending regime. In the present paper, we report the results of
CARS studies of HCN under supersonic expansion condi-
tions. In addition, FTIR and photoacoustic Raman (PARS)
spectra of equilibrium (static) samples have been obtained
and give further details on the extent of HCN aggregate for-
mation and the properties of the dimer and trimer forms.

HCN was chosen for this initial study because of the
relative simplicity of linear molecule spectra and because of
its high vapor pressure. In addition, some aspects of gas-
phase hydrogen bonding in HCN are well known. In 1939,
Giauque and Ruehrwein'® analyzed vapor density data to
obtain the enthalpy and entropy of formation of the HCN
dimer: AH, = — 3.28 kcal/mol and 45, = — 16.5eu, in-
dicating a weak-to-moderate strength hydrogen bond in this
species. These authors also demonstrated the presence of
small amounts of trimer under room temperature saturation
conditions and measured its formation constants: AH,

= — 8.72 kcal/mol and AS; = — 38 eu. The rotational
spectra of the HCN dimer and its isotopic derivatives have
been studied extensively.'®2® The dimer has been shown to
have a simple linear structure characterized by a hydrogen
bond length Ry = 2.22 A'® and a dipole moment of 6.5
D." From centrifugal distortion constants, the hydrogen
bond stretching force constant has been estimated to be 11
N/m.'® No observation of the trimer rotational spectrum
has been published.

Although infrared®’~** and even far-infrared>** spec-
tra have been reported for HCN complexes in cryogenic ma-
trices, the frequency variations with matrix material are sub-
stantial and the effect of the medium is difficult to judge. The
only datum available for the gas phase is a single infrared
dimer band observed in the CN stretching region of
HCN.?-28 The bending and CH stretching modes are appar-

ently buried in the broad, intense monomer P, R branches.
As far as we are aware, no Raman studies of HCN complex
formation have been previously attempted.

In the work reported here, both coherent Raman and
infrared methods were used to examine the high frequency
vibrations of HCN (and DCN) complexes in the gas phase. A
detailed analysis of an infrared band in the CN stretching
region has enabled us to extract IR rotational contours of
both dimer and trimer modes. Comparison of the latter with
calculated contours establishes the geometry of the HCN
trimer. From CARS spectra of supersonic expansions, we
have determined the frequencies of other vibrations of HCN
and DCN dimer and trimer. From this information a partial
refinement is made of the harmonic force field for the
stretching vibrations of these complexes.

Il. EXPERIMENTAL

HCN was prepared by dropwise addition of concentrat-
ed H,SO, onto NaCN mixed with ~30% H,O (to prevent
foaming). The HCN was dried by vacuum distillation
through a P,O, column. DCN was prepared in a similar
manner using conc. D,80, (Aldrich, 98 atom % D)and D,O
{99.7 atom % D). Based on the Raman spectrum of the lig-
vid we estimate that ~ 5% HCN impurity was present in the
DCN sample.

Infrared spectra were recorded with a Mattson Instru-
ments model “Sirus 100” FTIR. Depending on the spectral
region of interest, sample cells with pathlengths between
0.5-20 cm were used. Both NaCl and KBr windows were
used on these cells, with frequent cleaning being necessary at
higher pressures. Scanning conditions were chosen to pro-
vide either 0.13 or 0.5 cm ™' resolution. Sample pressures in
the infrared as well as the PARS experiments were measured
with a Validyne diaphragm gauge.
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FIG. 1. Schematic diagram of the CARS/supersonic expansion apparatus.
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The experimental arrangement used for recording
PARS and CARS spectra has been described elsewhere'* so
we give only a brief discussion here. For both measurements
a Nd:YAG laser (Quanta-Ray DCR-1A) provided the 532
nm pump beam (@) and a YAG-pumped dye laser (Quanta-
Ray PDL-1) provided the tunable Stokes beam (w,). The lat-
ter could be scanned at low resolution (0.3 cm ™ ') by stepping
a grating or at high resolution (0.05 cm™!) by inserting an
intracavity etalon and pressure scanning the cavity. For de-
termining Raman shifts, relative frequency calibrations
were made using 0.25 and 1 cm ™! etalons while HCN mon-
omer lines served as absolute frequency markers.

A schematic of the CARS layout is shown in Fig. 1. To
reduce nonresonant background signal, the pump and
Stokes beams were spatially separated and focused with a
300 mm fl lens at a crossing angle of ~ 1° at the jet position.
The pulsed nozzles used in these experiments were made
from fuel injector valves as described in Ref. 14. Nozzle di-
ameters of 0.1-0.25 mm and pulse durations 0.6-1.0 ms were
employed. After the jet chamber, the beams were recollimat-
ed and the CARS signal was isolated with a dichroic mirror
and one or more optical glass filters. It was then sent into a
0.3 m McPherson monochromator for final rejection of the
532 light. The signal was detected with an RCA 31032 pho-
tomultiplier and the output was amplified 10X with a Com-
linear Corp. CLC 100 video amplifier.

For the PARS experiments, the expansion chamber
(Fig. 1) was replaced by a 10 cm photoacoustic cell***® and
the pump and Stokes beams propagated collinearly. The
acoustic signal was detected by a Knowles model BT-1759
microphone and then filtered and amplified by an Ithaco
model 2101 preamplifier.

After initial preamplification, the data collection and
signal processing were the same in the PARS and CARS
experiments. The respective signals were filtered, time-gat-
ed, and further amplified by a Stanford Research model SR-
230 gated integrator. The output was then digitized, aver-
aged for 10~50 shots, and stored on a DEC Micro-11
computer. Scanning of the dye laser in both high and low
resolution modes was also computer controlled.

. RESULTS
A. PARS and FT1R results with static samples

In the studies of equilibrium samples, Raman and IR
spectra were recorded of room temperature HCN and DCN
at pressures of 10-650 Torr. A careful search was made for
features showing a different pressure dependence than the
known monomer transitions.*® In the FTIR experiments,
the entire spectral range 400-4000 cm ~! was surveyed while
for the PARS experiments only by the regions about v, (CN
stretch) and v, (CH, CD stretch) of HCN and DCN were
examined. In both experiments, peaks attributable to com-
plexes were found only in the v; CN stretching region of
HCN.

1. Spectra

The Raman and IR spectra of HCN in the v, region are
shown in Figs. 2 and 3. Displayed at the bottom of each
figure is a spectrum recorded at low pressure where mon-

i M- @)
i DT .
|
400 Torr - i
A — ‘ ]
| 300 |
L A

Y

04 O3 Oy So Si
10
b I | i
2075 2095 2115
Wavenumbers

FIG. 2. Photoacoustic Raman spectra of the v, region of HCN at a series of
pressures. The band at 2093 cm~* labeled h is the @ branch of the monomer
11'0—01'0 hot band. D + T denotes the broad shoulder at ~2103 em™!
assigned to unresolved dimer and trimer bands. Note the 25 X scale change.
{The series of small peaks visible near the S branch lines in the 10 Torr
spectrum are due to photoacoustic signal generated from overtone absorp-
tion of the dye laser and are P branch lines of the 20°4«-000 transition.}

omer features predominate and are assigned as in Refs. 31
and 32. The remaining spectra in each figure demonstrate
the growth of bands of complexes as the pressure is in-
creased.

The PARS spectra (Fig. 2} reveal several monomer
bands: an intense v; Q branch, a shoulder at 2093 cm™!
{labeled “h”) assigned as the v, + v, — v, hot-band @
branch, and, at 25 X scale expansion, much weaker v, O and
S branch lines. As the pressure is raised, two changes are
apparent. First, the monomer lines broaden, at a rate of 1.8
cm~'atm™! for O and S lines of low J. This pronounced
collisional broadening is due to the large dipole moment of
HCN (2.95 D). We note that this pressure broadening would
be expected to be even greater for the dimer with its moment
of 6.5 D."” The second feature observed as a function of pres-
sure is the growth of a broad shoulder at ~2102 cm™1, la-
beled “D + T”. Based on its pressure dependence, to be dis-
cussed shortly, we attribute this shoulder to a superposition
of Q branches of dimer and trimer CN vibrations, slightly
blue shifted from the monomer position.

The v, region of the infrared spectrum shown in Fig. 3 is
rather different from the Raman case. Due to a fortuitous
cancellation of large CH and CN bond dipole derivatives in
the v, mode of HCN, this fundamental is very weak in the
infrared (~ 1/300 that of v,). As shown in Fig. 3, the 3v,
overtone (03!0 «— 000) and even its hot bands labeled h have
intensity comparable to the v; fundamental. With increasing

J. Chem. Phys., Vol. 83, No. 5, 1 September 1985
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FIG. 3. Infrared spectra of the v, region of HCN at a series of pressures. In
addition to the P and R branch lines of the v, fundamental, monomer Q
branch absorptions due to 3v, (03'0 « 000) and its hot bands labeled h
(04°0 < 01'0 at 2091 and 04°0 «-01'0 at 2106 cm ') are also present in this
spectral region (Ref. 34). Bands due to HCN complex formation are labeled
D = dimer and T = trimer.

pressure, the monomer Pand R lines broaden at a rate com-
parable to the Raman O and S lines. In contrast to the PARS
spectra, at higher pressures features due to complexes are
predominant in the infrared. Here the slight charge redis-
tributions and normal mode changes accompanying com-
plex formation greatly enhance the infrared intensities of
complexes relative to the monomer, making their features
easily seen over the monomer lines. The shape of the doublet
for the complex at 200 Torr is approximately what is expect-
ed for an unresolved P,R contour of the linear HCN dimer.
With increasing pressure however, the high frequency com-
ponent (“R ») of this feature becomes relatively more intense,
suggesting the formation of trimer (73 ~2100 cm™"). This
interpretation is supported by more quantitative consider-
ations.

2. Quantitative pressure dependence

To assign the observed v, features to specific species, the
relative intensities (integrated areas) of complex and mon-
omer bands were measured as a function of pressure. For the
PARS spectra the quantity determined was the ratio Ry,
of intensities of the complex shoulder to the monomer v,Q
branch. For the infrared spectra we used the ratio of the
entire complex band to the monomer 3v,Q branch and

Maroncelli ef al. : Spectroscopy of HCN complexes

scaled the latter to the integrated monomer v, intensity. The
experimental ratios R = S /S, obtained in this manner are
shown as the points plotted in Figs. 4 and 5. Inspection of
either set of data shows a nonlinear pressure dependence of
the relative complex-to-monomer ratio, indicating that ag-
gregates larger than dimer contribute to these spectra. That
these aggregates were formed in the gas phase, rather than as
surface films on the windows, was confirmed by variation of
the cell length and window material.

The composition of HCN vapor has been previously
analyzed by Giauque and Ruehrwein'> who used P,V,T data
to deduce equilibrium constants for dimer and trimer forma-
tion:

P
Kp=—2=0.0678 atm™~!,
M2
P .
K= =0.0152 atm ™2 at 293 K.
P,

These values can be used to calculate dimer and trimer con-
centrations at a given total pressure. The resultant concen-
trations of HCN complexes are small—even at the satura-
tion pressure (~ 650 Torr), we expect only 5.3% dimer and
0.9% trimer. From estimated equilibrium constants for
higher polymers,'> we calculate less than 1% of the HCN to
be contained in all higher aggregates. Neglecting the latter,
our observed intensity ratios, R, are related to dimer and
trimer concentrations by

=2y L2 B LT (1

Here S'is the (IR or Raman) signal and ¢ is the corresponding
cross section. The vapor composition can be calculated as a
function of pressure from K ;, and K and the observed inten-
sity data then fit to obtain relative cross sections.

The results of such an analysis are plotted along with the
experimental data in Figs. 4 and 5. In these figures the solid

008 F

006 -

002 |-

0.00 Tm“”ﬁwuwj““- 1 d 5
[0] 200 400 600 800
PRESSURE (TORR)

FIG. 4. Complex-to-monomer Raman signal ratios in the v, region as a
function of pressure. The data points are the observed ratio of the total in-
tensity of the 2102 cm ™! shoulder (due to dimer and trimer) to the monomer
Q branch intensity—i.e., (S, + S7)/S,. The solid curve is the best fit to this
data using Eq. (1) and dimer and trimer concentrations determined from
PVT data(Ref. 15). The dashed and dotted curves show the individual signal
contributions due to dimer and trimer, respectively.

J. Chem. Phys., Vol. 83, No. 5, 1 September 1985



Maroncelli et a/. : Spectroscopy of HCN complexes 2133

!
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CR—TT 300 500 800
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FIG. 5. Complex-to-monomer infrared signal ratios in the v, region as a
function of pressure. The labeling is as in Fig. 4. Due to uncertainties in-
volved in measuring the monomer v, intensity, there is an uncertainty of
+ 30% in the overall vertical scale factor even though the relative precision
among points (determined with respect to the 3v, Q branch) is much higher.

line shows the fit to the total intensity and the broken lines
the separate contributions of the dimer and trimer. The qual-
ity of these fits is good, indicating that neglect of higher ag-
gregates is reasonable. It is seen that the trimer contributes
heavily in both the IR and Raman spectra, despite the fact
that P, /P, > 5 even at 600 Torr. For example, at pressures
higher than 400 Torr, the trimer dominates the infrared
spectrum. We note that previous authors*>~® have errone-
ously attributed the infrared v, complex band solely to di-
meric HCN. Thus, Mettee?® and Jones ez al.?® have used the
temperature dependence of the intensity of this band to cal-
culate the enthalpy of formation of the HCN dimer. The fact
that the values obtained were approximately twice that de-
termined from vapor pressure measurements'®> merely re-
flects the fact that this band is due largely to HCN trimer
under the conditions used.

The relative cross sections estimated from the above
analysis are®*

IR:0,/0y =30+ 10, o/0, =500+ 200,
Raman: 0,/0,, =054 0.1, o;/0)y =33+0.7.

Consider the infrared case first. The large enhancement of
the infrared cross sections upon complexation is a conse-
quence of the anomalously low intensity of the CN stretch of
the monomer. These increases could arise from changes in
either the normal mode mix or the charge distributions as
hydrogen bond formation occurs. It is well known that it is
the latter effect that causes the characteristic infrared en-
hancement of A-H stretching modes in hydrogen bonded
complexes. As will be discussed in more detail later, normal
coordinate calculation show that charge redistribution is the
dominant intensity-enhancing factor in these CN modes as
well. The extremely large enhancement of the trimer intensi-
ty indicates that even greater electron migration occurs
when this species forms.

The CN stretch has a normal Raman intensity in the
monomer and it is not surprising that there is little change in
the Raman cross section when complexes are formed. The

threefold increase observed for the trimer is reasonable and
is supported by the normal coordinate calculations. The de-
crease seen for the dimer suggests that a significant part of
the CN intensity may be carried by the other CN mode, seen
in the IR but hidden under the strong monomer band in the
Raman spectrum. We return to a consideration of the posi-
tions and intensities of these various vibrational modes as
part of a discussion of the force field calculations.

3. IR band contours and trimer geometry

Although we do not resolve rotational structure, the
overall band contours in the infrared spectra provide infor-
mation about the dimer and trimer geometries. To deter-
mine these band shapes it was necessary to remove the inter-
ference from monomer lines, a severe problem at low
pressures. Initially attempts were made to subtract out mon-
omer spectra synthesized from the known spectroscopic
constants of HCN. This approach proved unsatisfactory due
to the unusual J intensity distribution within v,>2 which can-
not be calculated on the basis of the usual line-strength for-
mulae. As an alternative, we used for the monomer subtrac-
tion an experimental spectrum recorded at 50 Torr, where
little contribution is expected from dimer or trimer. To sim-
ulate the effects of pressure broadening, this experimental
spectrum was convoluted with a Lorentzian line shape, the
width of which was varied along with an intensity factor to
achieve the best cancellation of monomer features at a given

| (a) 200 Torr

L (b) 50 Torr _

(c) Difference (x3)

15 VU VT W S U S SRS T S S S S EU S S

2100
Wavenumbers

FIG. 6. Infrared spectra in the v, region illustrating the method of mon-
omer subtraction. At 50 Torr, complexes contribute very little to the ob-
served spectrum—the apparent intensity buildup near 2100 cm ™' is mainly
due to overlapping monomer lines. The “monomer-free” spectrum (c) was
obtained by convoluting (b) with a 0.7 cm~' FWHH Lorentzian line shape
{to simulate pressure broadening) and subtracting (b) from (a) to give the best
cancellation of monomer features.

2200
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pressure. An example of the method is illustrated in Fig. 6
for the case of a 200 Torr spectrum. As is evident from this
figure, the cancellation is not perfect due to experimental
noise and the fact that the pressure broadening is not identi-
cal for all lines. However, the “monomer free” spectra so
obtained yield the truest representation of the band shapes of
the complexes and thus are used in the calculations dis-
cussed below.

The ground state structure of the HCN dimer has been
well determined by microwave spectroscopy. Based on the
known value of the rotational constant'® B, = 0.058 23
cm ™, we expect the dimer band shape to consist of a P,R
doublet with peak separation of 10.0 cm . This is indeed
observed, as illustrated by Fig. 7. In the limit of low pres-
sures, the dimer contributes most of the spectral intensity
and we find a band center of v, = 2094.7 + 0.5 cm ™! for the
dimer.

The change in the rotational constant with vibrational
state, @ = B, — B,, defines the relative heights and widths of
the P and R branches and can in principle be determined
from the observed spectra. Even at 150 Torr, however, there
is nonnegligible trimer contribution which limits the accura-
cy with which this can be accomplished. Extrapolating the
data to zero pressure gives a limiting R /P branch peak
height ratio of 1.240.2 which yields a value of
a = +0.000 14 + 0.000 14 (/B = + 0.25%). The band
shape calculated for this a value is superimposed on the 150

A\,
N\, 650 Torr

NS

~~. 350 Torr

150 Torr

T [ S SO S S [ SN S W S N S

2050 2150

Wavenumbers

FIG. 7. Infrared spectra (after monomer subtraction) of the HCN dimer-
+ trimer v, band at three pressures. The dotted curve superimposed on the
150 Torr spectrum is the dimer band shape calculated from the constants
vo = 2094.7, B, = 0.05823, and @ = + 0.000 14 cm ™" and assuming indi-
vidual linewidths of 0.5 cm .

(a) 450-250 Torr

Rk Y

(b) 550-350Torr

(c) 650-350 Torr
AN

(d) 650 Torr—
Calc. Dimer

N -
A 4
A\

\

2100 2150
Wavenumbers

I L

2050

dod

FIG. 8. Infrared spectra of the HCN trimer v, band. Spectra {a}-{c} were
obtained by subtracting (see the text) two experimental spectra recorded at
the indicated pressures. Spectrum (d) was obtained by subtracting the dimer
band calculated as in Fig. 7 from a 650 Torr experimental spectrum.

Torr spectrum in Fig. 7. We note that for the A—-H stretching
modes of hydrogen bonded molecules, A-H---B, an “anoma-
lous” negative value of « is usually observed.”**>3¢ This
behavior has been attributed to a shortening (strengthening)
of the hydrogen bond when the A-H bond lengthens due to
vibrational excitation.>® In the present case, « is positive and
of the magnitude expected for excitation (elongation) of ei-
ther CN bond by about 0.01 A. Such an extension is compar-
able to the ~0.005 A value observed for the v, mode in
monomeric HCN.

The band shape of the HCN trimer mode can be de-
duced from the higher pressure spectra by further subtrac-
tion. As noted earlier, with increasing pressure, the R branch
component of the complex band becomes more intense rela-
tive to the P branch. Since the height ratio R /P increases
continuously with pressure, we assume that the P compo-
nent is due to dimer only. Thus, when subtracting two spec-
tra with different dimer/trimer ratios, we use the zeroing of
this low frequency peak as a test for removal of dimer.
Trimer spectra generated by such subtractions are shown in
Fig. 8. Traces (a)—{(c) were obtained by subtracting two ex-
perimental spectra taken at the indicated pressures. To with-
in the noise limits these spectra all show the same, nearly
symmetric doublet. An identical band shape is obtained
when, instead of using two experimental spectra, the calcu-
lated dimer band (as shown in Fig. 7) is subtracted from a
high pressure experimental spectrum {Fig. 8(d)]. Thus we are
confident that the trimer band shape can be characterized by
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a central frequency of 2100.2 3- 0.5 cm ™!, a doublet separa-
tion of 6.6 0.2 cm™!, and a width of 14.3 + 0.5 cm™!
(FWHH at P~ 500 Torr).

The gross structure of the trimer can be deduced by
comparing the observed band shape with those calculated
for various models. We considered four plausible structures:
three cyclic and a linear trimer, illustrated in Figs. 9 and 10.
The spectral band shapes also shown in these figures were
calculated for these structures assuming unchanged mon-
omer bond lengths and an H-..N separation equal to that
observed for the dimer (2.223 A'#). For the cyclic structures
{Cy,), the infrared active modes are perpendicular bands
with P, Q, R features, whereas the linear geometry hasonly P
and R branches.

As is evident from Figs. 9(a)-9(c), the cyclic structures
all yield band shapes which are broader than that observed
experimentally. No collision broadening factor was included
in generating these rotational contours but its addition
would only increase this discrepancy. It is of course possible
that more than one vibrational mode contributes to the
trimer band, with perhaps two Q branches combining to give
the observed contour. Again, the overall width must increase
in this case. The only way to force the calculated spectrum to
fit the observed band shape is to expand the cyclic structures
{i.e., to increase the hydrogen bond lengths). However, to
reproduce the observed spectrum the hydrogen bond length
must be nearly doubled, a clearly unphysical situation.

The linear geometry, on the other hand, has a rotational
envelope slightly narrower than that observed [Fig. 10(a}]. Of
course, at the 500 Torr sample conditions, collisional broad-
ening is substantial (1.2 cm™—! for the monomer). Much
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greater broadening would be expected for trimer-monomer
collisions in view of the huge dipole moment (9-10 D) ex-
pected for a linear trimer. If a line broadening of 4 cm ™! is
assumed, excellent agreement with the experimental spec-
trum [Fig. 10(b)] is achieved.

In computing the spectra of Fig. 10 we have assumed
a = 0 for this trimer mode. Calculations indicate that the
spectrum is very sensitive to a and the nearly symmetric
spectrum observed implies that |@/B |<0.2%. As with the
dimer, this is consistent with simply a normal anharmonic
expansion of the CN bonds upon vibrational excitation.

B. CARS spectra in supersonic expansions

Although a good deal of useful information was derived
from spectra of equilibrium samples in the HCN v, region,
corresponding results could not be obtained for the other
modes of HCN and DCN. The low concentrations of com-
plexes and their spectral overlap with monomer features due
to rotational congestion and pressure broadening greatly
hamper studies with static samples. Many of these problems
can be overcome by utilizing the nonequilibrium properties
of free jet expansions. In this section we describe results of
CARS studies of HCN, DCN expansions.

1. Jet characteristics

To observe HCN dimer in the jet using CARS, it was
necessary to sample in the high density region within a few
diameters of the nozzle (X /D = 1-3). Since this is a regime
not commonly probed, it is useful to consider the expansion
characteristics predicted here. The samples normally con-

(a) (b)

(c)

—t
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FIG. 9. Possible cyclic structures of the HCN trimer and their calculated spectra. In each spectrum of the observed trimer band is superimposed on the
rotational contour calculated for the particular structure. The rotational constants used in the three simulations were: (a) B, == 0.171, (b} B, = 0.095, and (¢)
B, = 0.088 cm™* {for these planar structures 4 = B = 2C}. A value of @ = 0 was assumed, and an individual linewidth of 0.05 cm™" was used in these

computations.
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FIG. 10. The linear HCN trimer and its calculated spectrum. The observed
trimer band (at ~ 500 Torr) is shown superimposed on each calculated spec-
trum. Both simulated spectra are based on B, = 0.01532cm~'anda = 0.
In case (a) an individual linewidth of 0.05 cm ™' was used while in case (b) a
linewidth of 4 cm ™' was used to simulate the effect of pressure broadening.

sisted of ~0.6 atm of HCN, either neat or mixed with 1-5
atm of Ar, He, or N, carrier gas. The jet properties should be
approximately those of ideal isentropic expansions with heat
capacity ratios, y = C,/C,, between monatomic (5/3) and
linear polyatomic (7/5) values.

Figure 11(a) illustrates the relative dimensions of the
expansion and laser beams employed in this work, along
with translational temperature contours calculated for a
pure HCN jet (y = 7/5; T, = 300 K). Panel (b) displays the
relative temperatures and densities expected for the center-
line of neat HCN (dashed curves) and monatomic (solid
curves) expansions. At X /D = 1.5, T,, in the laser focal vol-
ume is about 100 K for neat HCN. For an initial HCN pres-
sure of 0.6 atm, the HCN densities probed are equivalent to
room temperature samples of 5-25 Torr, orders of magni-
tude higher than achievable with equilibrium samples at this
temperature. The solid curves show that adding a monato-
mic carrier gas makes the expansion much colder (T, ~ 50
K) without changing the HCN density appreciably.

The degree of rotational cooling at a typical sampling
point of X /D = 1 is revealed by the high-resolution scans of
the HCN v, @ branch shown in Fig. 12. Trace (a) is of a static
room temperature sample at a pressure (1 Torr) such that
collisional broadening is not important. Comparable
linewidths are obtained in the jet [traces (b),{c)] at densities
that are much higher, and the analysis of rotational structure
provides a useful measure of the jet conditions. For the pure
HCN jet [Fig. 12(b), X /D = 1], we estimate a rotational tem-
perature 7., = 160 4+ 30K, reasonably close to a calculated
translational value, T,, = 130 K. Figure 12(c) confirms the
additional cooling expected upon addition of argon as a driv-
ing gas; here we estimate T,,, =90+ 20K at X /D = 1 (T,

= 85 K for a monatomic expansion).

Maroncelli 6t al. : Spectroscopy of HCN complexes

2. Assignments

It is possible to alter the extent of HCN aggregation in
the jet by methods to be discussed shortly. In this way the
relative assignment of bands to larger or smaller size com-
plexes is readily deduced. The specific assignment of dimer
and trimer features, however, is less obvious and requires
comment.

Consider the CH stretching mode. In forming a dimer,
we expect the CH bond directly involved in the hydrogen
bond to be significantly perturbed and we denote this as a
“dimer” type bond D. The other CH bond should be little
affected by hydrogen bonding and thus should retain its
“monomer” character M. The dimer spectrum might thus
be expected to contain one “dimer-bond” frequency signifi-
cantly shifted, and one “monomer-bond” frequently nearly
unshifted, from the monomer CH stretch.

In the trimer, we expect the CH bonds in the outermost
HCN units to be essentially the same as in the dimer (i.e., one
M and one D type bond). The central HCN unit, since it is

FIG. 11. Expansion conditions at the CARS sampling position. (a) Relative
dimensions and positioning of the laser focus with respect to the nozzle exit.
(Neither the focusing of the lasers nor their crossing is noticeable on this
scale.) The dashed lines show 25 K translational temperature contours cal-
culated for a pure HCN expansion from T, = 300K (y = C,/C, = 7/5). (b)
Relative centerline temperatures (T /T,,) and densities ( p/ p,) calculated for
pure HCN (y = 7/35, dashed curves) and monatomic (y = 5/3, solid curves)
expansions. Jet properties were calculated from results for ideal isentropic
expansions given by Gustafson (Ref. 37).
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FIG. 12. High resolution (0.07 cm ') CARS spectra of the v, Q branch of
HCN illustrating rotational cooling at a typical sampling point in the jet.
The static spectrum in (a) was taken at a pressure of 1 Torr. The jet spectra of
(b) and (c) were recorded at X /D = 1 (D = 0.13 mm). The rotational tem-
peratures ( +- 25 K) were obtained by matching the observed spectra to spec-
tra calculated assuming a Boltzmann distribution.

hydrogen bonded to two neighbors, should be more per-
turbed than the D bond and we denote this new type of CH
bond by T for trimer. The CH spectrum of the trimer might
thus consist of three bands, probably with the frequency or-
der:M>D>T.

We have shown the HCN trimer to be linear and note
that the solid also consists of linear hydrogen bonded
chains.?® On this basis we assume linearity for all intermedi-
ate species as well. For linear n-mers with n > 3, we do not
expect any bonds to be appreciably different than one of the
three types already described. The n-mer spectrum will
therefore reflect the superposition of 1M + 1D + (n — 2)T
bonds and, for long chains, the 7 bond peak will dominate
the spectrum.

The above picture should apply to the CN bond as well
and we would thus expect the dimer and trimer to each give
rise to one new band in a given spectral region (CH, CD, or
CN). The formation of higher polymers should increase the
intensity at the trimer frequency relative to that at the dimer
frequency. While simplistic, this model does correspond rea-
sonably well to what is actually observed. The assignment of
spectral features to various bonds is also borne out by normal
coordinate calculations detailed later.
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3. HCN v,

The CARS spectra shown in Fig. 13 illustrate the fea-
tures seen in the CN stretching region for pure HCN and
mixed HCN/Ar expansions. These and subsequent spectra
were recorded over a broad spectral range at 0.3 cm ™! reso-
lution so that the HCN @ branch structure of Fig. 12 is not
apparent. In the pure jet, Fig. 13(a), we observe a single sym-
metric peak shifted + 7.8 cm ™' with respect to the mon-
omer which we assign as a Q branch of the HCN dimer (D).
Even at 0.07 cm ™! resolution, no fine structure was seen for
this peak (FWHH = 2.3 cm ™).

Comparison of trace (a) with PARS spectra of equilibri-
um samples (Fig. 2) demonstrates the enhanced species dis-
crimination provided by the decreased temperature and
pressure in the jet. Assuming 0.5 for the relative dimer/mon-
omer Raman cross sections, from this spectrum we estimate
a dimer concentration of 20%, compared to 5% before ex-
pansion. Thus, in the pure HCN jet at X /D = 1, a fourfold
increase in dimer concentration has been produced by con-
densation collisions during the jet expansion. A concomitant
increase in trimer concentration is not expected under such
mild expansion conditions. Thus, although trimer is ob-
served in the PARS spectrum at these stagnation conditions,
the quadratic density dependence of the CARS process
means a 16-fold enhancement of dimer relative to trimer so
that we see only the former in the jet spectrum.

The expansion conditions may be varied so as to pro-
duce more trimer as well as higher aggregates. The spectra of
Figs. 13(b)-13(d) show that the addition of argon as a driving
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FIG. 13. CARS spectra of the v, region of HCN in supersonic expansions of
HCN/Ar mixtures. Peaks are labeled as M = monomer, D = dimer,
T = trimer, and P = higher polymers. All spectra were recorded under sim-
ilar expansion conditions (7, = 300 K, X /D = 1, D = 0.13 mm) except for
the addition of successively higher pressures of Ar driving gas {(b}-{d). In
spectrum (d) the regions labeled S and L denote the position and FWHH of
v, in solid (78 K) and liquid (261 K} HCN (Ref.40).

J. Chem. Phys., Vol. 83, No. 5, 1 September 1985



2138 Maroncelli et a/. : Spectroscopy of HCN complexes

gas (at constant HCN pressure) greatly increases complex
formation in the jet. This results both from the lower tem-
peratures attained with monatomic expansions [Fig. 11(b}],
and from the increase in the number of three-body collisions
(presumed necessary for formation of small complexes®).
For the 1:2 HCN:Ar mixture shown in Fig. 13(b), we observe
substantially more dimer than in the pure jet. In addition, a
new shoulder is observed at + 5.3 cm ™! from the monomer
which is assigned to HCN trimer (7). Here the respective
mole ratios are roughly M:D:T = 25:10:1. Thus the dimer
and trimer species, which appear undifferentiated in the
equilibrium PARS spectra, are readily distinguished in the
jet.

Species not observable under equilibrium conditions are
also easily produced in the expansions. For the 1:4 mix [Fig.
13(c)], the new peak that is observed at + 1.8 cm ! from the
monomer is attributed to higher polymers (P). In this case
the total CARS signal from HCN complexes is comparable
to that from the monomer. Finally, at 5.5 atm of argon [Fig.
13(d)] the spectrum is dominated by the polymer band. For
comparison, in Fig. 13{d) we show the frequencies of HCN in
the solid ( ~ 150 K)) and liquid (~ 300 K) phases. It is interest-
ing that the sequence of Raman active lines M <P < T < D)
does not fit the idea of a gradual gas to solid shift as aggrega-
tion occurs. Rather, as seen later, this ordering is a sensitive
function of the normal coordinate mix.

It is important to note that the same spectral features
and frequencies described above for HCN/Ar expansions
were also observed with N, and He as driving gases. This
allows us to be sure that we are indeed observing HCN com-
plexes and not mixed HCN-carrier gas species.
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FIG. 14. CARS spectra of the v, region of DCN in DCN/Ar expansions
(conditions the same as in Fig. 13). The series (b)~(d) illustrate the effect of
dilution with Ar at a fixed total driving pressure. Note the different gain
changes in these spectra.
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FIG. 15. CARS spectra of the v, region of a 1:2 DCN/Ar expansion show-
ing the effect of variations in the nozzle temperature 75, 5 and L show the
frequencies observed for solid and liquid DCN (Ref. 40).

4. DCN v,

Figures 14 and 15 show spectra recorded in the v, region
of DCN in DCN/Ar jets and illustrate the effect that other
variables have on complex formation. In the pure DCN jet of
Fig. 14(a), we observe a single broad (FWHH = 11 cm ™)
band at — 24.9 cm ™' with respect to the monomer. We as-
sign this band to DCN dimer (D). As will be discussed in
more detail later, the greater breadth and shift of this DCN
dimer transition, as compared to that of HCN dimer, reflects
greater mixing of the CN and CD coordinates in DCN.

Under conditions favoring greater complex formation,
such as in Figs. 14(b}-14{d), we resolve only one additional
band, at — 34.9 cm ™! relative to the monomer (FWHH = 8
cm™ '), which we assign to all higher complexes including
trimer (T"+ P). As for HCN, its frequency and width are
similar to the corresponding band observed in solid DCN
[see Fig. 15(d)].

The series of spectra in Figs. 14(b)-14(d) show the effect
of dilution with argon while keeping a fixed total pressure.
The initial addition of argon increases the polymer-to-dimer
ratio due to the greater cooling efficiency of Ar relative to
HCN. With increasing dilution, however, this trend reverses
and the aggregation is less likely due to the reduced number
of DCN-DCN collisions available for complex formation.
Figure 15 shows that changing the nozzle temperature pro-
vides one further means for controlling the polymer/dimer
ratio in these expansions. As illustrated in this series, in-
creasing the source temperature by a few tens of degrees has
a profound effect on the complexes observed, greatly inhibit-
ing the formation of larger aggregates.
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5. v3 HON, DCN

Many studies have established strong correlations
between hydrogen bond strength and the frequency shift,
bandwidth, and IR intensity enhancement of the A-H
stretching mode.! Unfortunately the Raman spectra do not
enjoy any special intensity enhancement as the electrons re-
distribute, and the bandwidth increase makes the observa-
tion of these transitions difficult. The CH stretch (v,) in
HCN is no exception. To increase the detection sensitivity in
these experiments, it was necessary to reduce the nonreson-
ant background by use of helium rather than argon as the
carrier gas. Spectra of a number of mixtures are shown in
Fig. 16.

Under conditions that we expect to favor the formation
of large aggregates, illustrated here by Fig. 16(c), a broad
band due to complexes is apparent in the v, region. This

(a) HCN=0.8atm M@ ]
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FIG. 16. CARS spectra in the v; region of HCN in HCN/He expansions
(conditions as in Fig. 13). Traces {a}-{c) show spectra of conditions favoring
increasing degrees of aggregation. Spectrum (d) is a “composite” spectrum
obtained by averaging a set of 14 spectra similar to (a)-{c). This spectrum
does not correspond to any particular mixture composition and is used
merely to show that a band occurs reproducibly at ~3250 cm ™' (dashed
peak). § and L denote the solid and liquid state frequencies (Ref. 40}.
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polymer band occurs at 3144 cm™* and has a FWHH = 54
cm ™', very similar to what is observed in solid HCN (shown
at the bottom of Fig. 16}.

For expansions of pure HCN at low pressures, the v,
studies indicate that mainly dimer is present. Under similar
conditions the v, region {Fig. 16{a}] shows a broad, barely
perceptible band at roughly the same shift as in the polymer.
{Note the scale change here is 300 X compared to 100X used
in the v, region.) Repeated scanning of this region in the pure
jet shows this band reproducibly broader (FWHH =73 + 7
cm™!) and at slightly higher frequency (v,= 316046
cm™ ') than the polymer band. There is evidence for one ad-
ditional band occurring under the tail of the monomer Q
branch. In an attempt to demonstrate the presence of this
very weak feature, Fig. 16(d) shows a composite spectrum
obtained by signal averaging 14 various scans of HCN/He
mixtures similar to spectra {aj-{c). The existence of a band
having roughly the position {~3246 cm~') and intensity
shown by the dashed curve is quite reasonable, although ad-
mittedly not proven by this data. Nonetheless, the assign-
ment of this transition as the “bound” CH stretch of the
dimer is favored for various reasons to be discussed below.
The 3160 cm ™! transition is then attributed to trimer with
perhaps some contribution from higher aggregates.

No features due to complexes were seen in the corre-
sponding v, region of DCN. The Raman intensity in this
case is roughly 25X smaller than that of HCN and, due to
the quadratic dependence of the CARS cross section, detect-
ing even the monomer itself was difficult.

Iv. DISCUSSION

A summary of the frequencies determined from the IR
and CARS experiments and their assignments to specific
HCN (DCN) complexes is provided in Table I. Part of the
Justification for our choice of assignments comes from com-
paring these results with observations made on similar sys-
tems and from normal coordinate calculations.

A. Comparison of HCN dimer with related compounds

Our HCN dimer results are displayed in Table II along
with those previously obtained for similar systems. The
mode labeling used in the following discussion is indicated in
the Table IT headings. Where our experiments do not deter-
mine the frequency, values deduced from normal coordinate
calculations are given in parentheses. A direct comparison
with gas-phase frequencies may be made only with the heter-
odimers formed between HCN and the bases dimethyl
ether*? and ammonia.?® However, a number of researchers
have studied HCN complexes in cryogenic matrices®' 24+
and Table II includes recent data of this type. The entries
correspond to the shifts relative to matrix-isolated monomer
for Ne, Ar, Kr, and N, hosts.

For the CN stretches, the shifts from the monomer val-
ue are small {<2%) and all of the data suggest that the
“bound” CN1 bond stretch occurs at a frequency higher
than that of the “free” CN2 moiety. The shifts change signif-
icantly upon deuteration and are a sensitive function of nor-
mal coordinates {vide infra). Qualitative agreement is seen
between the gas phase and matrix results for the HCN
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TABLE I. Summary of observed frequencies.*

Maroncelli et &/, : Spectroscopy of HCN complexes

Frequency Shift FWHH Method;
(em™Y) {em™?) {em™) conditions Assignment
DCN v, region
1890.5 4+ 0.5 —347 79404 CARS ; 100K T(+P)
1900.3 4 0.5 —249 1141 CARS ; 150K D(+TY
1925.2 Ref.31 ; 293K M
HCN v, region
2094.7 + 0.3 —21 1843 IR ; 293K D
2096.8 Ref.31 ; 293K M
2098.6 + 0.5 +1.8 28405 CARS ; 100K P
21002 + 0.5 +34 1441 IR ; 293K T
2102.1 + 0.5 +53 26403 CARS ; 150K T
2104.6 + 0.3 +78 26403 CARS ; 150K D
HCN v; region
31439+ 06 — 1676 5444 CARS ; 100K P
3160 + 6 — 152 3+7 CARS ; 150 K T (+PY)
3246 + 15 —65 ~60 CARS ; 150K D
3311.5 Ref.31 ; 293 K M

2The CARS frequencies and their associated errors refer to the band maxima which may differ from the actual

oW =0<J=0)by + (FWHH/2).

dimer, but it is apparent that the variation with matrix is
appreciable. In other words, the matrix environment causes
nearly as large a perturbation on this vibrational motion as
does hydrogen bonding itself.

The free CH1 stretch in the dimer was not seen in this
work and is presumed to lie under the monomer. The small
shifts observed in the matrix studies support this conclusion.
The bound CH2 is expected to occur at a much lower fre-
quency however and to give a more direct measure of the
hydrogen bond strength. As mentioned earlier, candidates
for this vibration are two weak features seen in the gas phase
CARS spectra, shifted 152 and 65 cm ~ ' below the monomer
frequency. Because of the marginal quality of the spectra in
the latter region, it is helpful to seek an independent estimate
of this shift.

One might expect the hydrogen bond strength, and thus
the CH2 stretching frequency, to correlate with the proton
affinities of bases complexed with HCN. Gas phase affinities

for HCN, OMe,, and NH, are 179, 193, and 205 kcal/mol,
respectively,** which would predict a shift for HCN dimer
smaller than the — 127 and — 161 cm ™! values seen in the
OMe, and NH, complexes. This conclusion is supported by
a comparison of microwave results for HCN--HCN and
H,N---HCN. Respective indicators such as the hydrogen
bond length (2.22 vs 2.16 A), the hydrogen bond stretching
force constant (11 vs 12 N/M), and the dipole moment en-
hancement (0.77 vs 0.94 D) all imply that the bond is stron-
ger in the ammonia complex.'”'®45 These points argue
against the — 152 cm ™' band being a dimer mode. In this
connection, it should also be noted that an HCN dimer band
shifted as much as 152 cm ™' would fall outside the intense
monomer P branch in the infrared spectrum. We found no
trace of an IR band in this region and judge that a shift
greater than ~ 80 cm ™~ ' should have given rise to a detectible
feature if the intensity were comparable to that seen in the
ammonia and ether complexes.

TABLE II. Comparison of HCN dimer—monomer shifts with those in related systems.

System HCN[1]---HCN[2] DCN[1]---DCN]J2]
v, region v, region v, region V5 region
CN1l CN2 CHI CH2 CNlI CN2 CDl1 CD2
HCN---HCN  Gas® +78 —21 (108 —65 (—12) —249 (21.2)(-29.5)
(this work)
HCN---HCN Ne +21.6 +57 +11.7 —685 +45 —11.8 462 —362
(Ref. 21) Ar +214 +36 —13 —101.7 +107 —243 +51 —523
Kr +236 +33 —-52 —-97.7 497 —246 +31 —504
N, +131 —49 -—-53 —827 +76 —-215 +11 —419
HF--HCN Ar —32.2 —19.6
HCN---HF Ar +29.7 + 16.6
(Ref. 42)
Me,0---HCN  Gas - 11 - 127 - 10 — 65
(Ref. 43)
H,N---HCN Gas -1 — 161 — 35 —-70
(Ref. 26)

® Values in parentheses are shifts calculated as described in the text.
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Finally, a semiquantitative estimate of the CH shift can
be obtained from the correlations shown in Fig. 17. The bot-
tom panel shows values of N---H distances vs Av/v for the
HA stretch in several XCN---HA gas phase complexes. This
correlation and the measured hydrogen bond length for
HCN dimer yield a shift of about — 60 4+ 20 cm™!. The
upper panel permits the estimate of a gas phase frequency
from more easily obtained argon matrix shifts. This is a plot
of Av/v(Ar) vs Av/v (gas) for complexes of HF and HCl with
various bases.*¢ Also included are data for a single base (di-
methyl ether} complexed with a range of acids (ROH alco-
hols).*” The quality of this simple correlation for such a
range of hydrogen bonded systems indicates that the effect of
the argon medium on the AH stretching motion is reasona-
bly constant. A least squares fit indicates that the fractional
shift for the gas phase is 78 + 15% of the Ar matrix value
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FIG. 17. Correlations of gas phase {A-H) frequency shifts with the corre-
sponding shifts observed in argon matrices {top panel) and with hydrogen
bond lengths (R;;; bottom panel). Arrows indicate the shifts { — 65 and
— 152 cm™ !} of two alternatives for the CH1 assignment. Relative frequen-
cy shifts are defined as: 4v/v = {v, — Veomptex /Y, where all fre-
quencies refer to a single phase, either gas or Ar matrix. The data in the top
panel correspond to complexes of various bases with HF (triangles) or HC]
(circles) (Ref. 46) and to various alcohols with the base dimethyl ether
(squares) (Ref. 47). The line is the least squares fit to this data. The datain the
bottom panel are for various acids A~H in R-CN ... H-A complexes and
were obtained from Refs. 2, 5, and 6. Ry, is the N ... H distance. The half-
filled circles correspond to overlapping A~H and A-D data pairs. The curve
is drawn here only to aid in visualization.

and this predicts a shift of — 79 + 15cm ™' for HCN dimer.
Thus all the evidence is consistent with our choice of — 65
cm™! shift for the bound CH stretch and we assign the
— 152 cm™! feature to trimer and perhaps higher aggre-
gates.

B. Normal coordinate calculations

We have used the observed stretching frequencies of the
HCN and DCN dimer and trimer (Table I) to partially refine
a force field for the axial stretching motions in these hydro-
gen bonded molecules. The motivations for such calcula-
tions are: (i) to use calculated frequencies and intensities to
determine whether the assignments made are reasonable, {ii)
to identify modes which may have been overlooked in the
experimental spectra, and (iii) to relate the observed frequen-
cy shifts to changes in the bond properties as reflected in the
valence force constants. As is usually the case, we have too
few experimental frequencies to fully determine the force
field for the dimer and trimer. For this reason we approach
the problem stepwise, considering in order the monomer, the
dimer, and then the trimer, keeping some force constants in
the larger molecules fixed at the values determined in the
preceding calculation. Table III schematically demonstrates
this procedure.

1. Monomer

We have chosen to fit harmonic frequencies for the mon-
omer (Ref. 33) rather than observed frequencies in these re-
finements. If the latter are fit, the average frequency devi-
ation is 7 cm ™! for HCN and DCN. Since many of the
observed frequency shifts due to hydrogen bonding in the
dimer and trimer are of this same magnitude, such a starting
error is unacceptable. We therefore base the dimer and
trimer fits on approximate harmonic frequencies instead of
those actually observed. These harmonic frequencies are cal-
culated for the complexes by adding the complex-monomer
shifts to the harmonic monomer frequencies, thereby assum-
ing the same anharmonicity for all species.

To describe the nature of the normal modes, we have
indicated the most important stretching components and
their relative sign in Table IV. The numbers in parenthesis
refer to the diagonal potential energy distribution (PED) de-
fined as

PED(R,), = 100F}L; /3, FiL, , 2)
where the F;; are the diagonal force constants and Ly is the
L-matrix element connecting bond stretch R; with normal
mode @, (R = LQ). The results for monomeric HCN show
that the normal modes are relatively *“‘pure” {~95%) CH
and CN bond stretches. In DCN, due to the closer match
between the CD and CN frequencies, there is a strongly
mixed character to both modes.

Relative IR intensities, based on simple addition of bond
dipole derivatives, were calculated as

I (Qu) < @Ou/0Quf = [Z;Lu(dp/3R;)]* . (3)
CH and CN dipole derivatives of 1.06 and — 0.36 D/A were

derived from the experimental results of Hyde and Hor-
nig.2®*® Intensity values listed in Table IV are scaled to 100
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TABLE III. Harmonic stretching force constants (N/M) for HCN complexes.®

—21.1
H-C=N
624.4 1871

—34.5 — 345

(624.4) 1894 (11) 5869 (1871)
{— 34.5) (— 34.5) {— 34.5)
H-C = N-----H-C = N---- H-C = N
(624.4) (1894) (11) 553.8 1896 (11) (586.9) (I871)

*The CH-CN interaction constant is shown above, the bond stretching constants below the structure. Values
shown in parentheses were held fixed.

for the most intense monomer mode. A similar expression viding reassurance that these theoretical derivatives are rea-
was used to calculate relative Raman intensities. In this case, sonable.

experimental values were not available; instead, average . .

bond polarizability derivatives of 0.851 (CH) and 2.56 A2 2 Dimerand trimer

(CN) were obtained from the SCF calculations of Greedy et For the dimer and trimer calculations we assumed that
al.*® The calculated Raman intensities for the monomer  the exterior CH and CN bonds were unaffected by hydrogen
agree with our semiquantative observations on the @ branch bonding and fixed the force constants at the monomer val-
strengths [v; HCN)=v,{DCN) > v,(HCN}>v,(DCN}], pro- ues. The force constant for the hydrogen bond was set to 11

TABLE 1V. Summary of normal coordinate calculations.

Harmonic Calculated Shift Infrared Raman Mode
frequency frequency D-M,T-M intensity intensity description
(cm™Y) {em™Y {cm™) (Calc.) (Calc.) (PED %)
HCN
3441.2 34412 100 23 CH(95) — CN(5)
2128.7 2128.7 0.1 100 CN{94) + CH(6)
DCN
2703.3 2703.3 51 1 CDi{68) — CN(32)
1952.1 1952.1 5 91 CN(67} + CD({33)
HCN[1]---HCN[2]
3452.0 + 10.9 98 21 CH1(94)
3376.2 3376.0 — 65.1 102 22 CH2(93)
2136.5 2136.7 + 8.0 03 143 CN1(89)
2126.6 21226 —6.1 0.2 60 CN2(88)
116.3 HB(98)
DCNI[1]}---DCNI2}
2724.5 +21.2 48 1 CD1{66} + CN1{33)
2673.8 —29.5 53 2 CD2{63) — CN2{36}
1950.9 —13 8 123 CN1(63} + CD1(33)
1927.2 1929.4 —22.7 4 57 CN2(61) + CD2(35}
114.3 HB(98)
HCN[1}---HCN[2]---HCN([3]
34520 +10.9 99 21 CH1(94)
3376.0 —65.1 98 21 CH3(92)
3289.2 3289.7 — 151.4 103 20 CH2(91)
21340 2138.1 +94 0.6 223 CN1(64) + CN2(27)
2132.1 2131.7 +3.0 0.2 24 CN2(58) — CN1(29)
2121.5 —-12 0.1 59 CN3(86)
142.6 HB!1 — HB2
82.2 HB1 + HB2
DCN[1}---DCN[2}---DCN[3]
2724.5 + 211 50 1 CD1{66) — CN1(33)
2673.6 —29.7 46 2 CD3(63) — CN3(36)
2635.2 — 68.1 54 4 CD2(58) — CN2(41)
1950.6 —1.5 8 117 CN1(64) + CD1(34)
1930.4 —21.7 10 122 CN3(59) + CD3(33)
1917.4 1915.6 —36.5 3 30 CN2(53) + CD2(38)
140.2 HBI — HB2
80.7 HBI1 + HB2
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N/M, the value estimated from microwave spectroscopy us-
ing centrifugal distortion data.’® The high frequency modes
proved insensitive to the particular value chosen for this con-
stant. Four experimental frequency shifts were observed for
the HCN and DCN dimers and these served to constrain the
interior bond constants. The results of the calculations are
summarized in Tables III and 1IV.

A number of force fields were considered for the dimer.
A diagonal field in which only the inner CH and CN bonds
were varied gave a poor fit. Including a CH-CN interaction
constant, fixed at the monomer value, gave better results—an
average error of § = 5.5 cm™! for the dimer shifts. However
the fit of the “free” CN stretch of the deuterated dimer was
still particularly bad (error of 15 cm ™). To partially account
for the effect of hydrogen bonding on the terminal groups,
this interaction constant was allowed to vary. A significant
improvement resulted, the average error for the dimer shifts
(1.6 cm ™ ') being within our experimental uncertainty. Final-
ly, an “exact” fit was achieved when the terminal CN bond
constant was also allowed to vary. In this case however, the
constants were so0 highly correlated and had such large un-
certainties as to have little meaning. Thus the results in Ta-
bles ITT and IV are judged the most reasonable description of
the force field of the dimer.

The trimer calculations summarized in the tables are
based on the assumption that the two end HCN molecules
were identical to their counterparts in the dimer. The hydro-
gen bonding and off-diagonal force constants were chosen as
in the dimer calculation. The four observed frequencies were
used to refine only the CH and CN diagonal constants for the
central monomer unit. Again the frequency fit was quite
good, 6 =17cm™ "

The normal modes calculated for the dimer and trimer
{Table IV) share the following features. First, hydrogen
bonding does not appreciably alter the form of the vibrations
within the monomer subunits from that calculated for the
free monomer {compare the DCN monomer and dimer
PED’s for example). Second, only in the HCN trimer is there
significant coupling of motions in adjacent units, i.e., in the
CN1 and CN2 stretches which are the closest to resonance.
All other CH (CD) and CN molecular vibrations are such
that the motion is mainly confined to only one of the mon-
omer subunits. It should be said that some mixing with the
hydrogen bond stretches is apparent in the normal coordi-
nates but this makes a relatively small contribution to the
PED of the internal stretches of each monomer. We note
that the low frequency trimer vibrations consist of pure sym-
metric and antisymmetric combinations of the hydrogen
bond stretches. These modes occur at + 26% of the fre-
quency of the dimer, suggesting that an easy distinction
among different aggregates may be possible in the low fre-
quency region of the spectrum.

The normal coordinate calculations show the dimer and
trimer to consist of weakly coupled monomer subunits, each
with slightly different frequencies. This feature, in concert
with our fixing of force constants, produces the many fre-
quency coincidences expected from the “bond mode” pic-
ture discussed earlier. For example in the regions v, and v,
the calculated trimer frequencies predict a spectrum with
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three bands: one masked by monomer, one by dimer, and
only one shifted sufficiently to signal the presence of trimer.
Similarly, calculations of frequencies of mixed deuterides
such as HCN---DCN, etc. indicate that the vibrations of
these species would be difficult to distinguish from those of
the parent isotopic forms.

3. Intensities

Intensity calculations provide added assurance that our
frequency assignments are reasonable and that no transi-
tions have been overlooked. For this purpose we assumed
that the CH and CN bond derivatives in the dimer and
trimer were unchanged from their monomer values and that
the hydrogen bond stretch contributed negligibly to the in-
tensities. These approximations are probably most reasona-
ble for the calculation of Raman cross sections. All CH
stretches of the dimer and trimer are predicted to have com-
parable (and low) Raman intensities. These drop another or-
der of magnitude for the CD modes, making them unobser-
vable in our spectra.

In the dimer, the bound CN1 stretch is calculated to
have the highest Raman intensity. For (HCN}, this mode is
indeed seen, but in {DCN), the band is predicted to fall under
the strong monomer Q branch and therefore to be undetecta-
ble. The reverse behavior occurs for the weaker free CN2
stretch of the dimer isotopes. In (HCN),, the observed CN
Raman band is predicted to dominate the trimer spectrum,
an enhancement resulting from the in-phase addition of the
bound CN1 and CN2 stretching motions. The calculated
cross section is 2.2 times that of the monomer, reasonably
close to the 3.3 ratio deduced from the PARS intensities.
This agreement may be partly fortuitous since the calculated
dimer/monomer ratio {1.4) is three times larger than the ex-
perimental value of 0.5 deduced earlier. Without further ex-
perimental and theoretical investigation, all that can be said
is that changes in Raman intensities and polarizability de-
rivatives caused by hydrogen bond formation are modest.
This is consistent with conclusions reached in other Raman
studies of hydrogen bonding.>**!

Comparison of calculated and observed infrared intensi-
ties reveals large discrepancies that are more indicative of
changes induced by hydrogen bonding. This result is partial-
1y a consequence of the anomalously low intensity of the CN
stretch in the monomer. Writing the dipole derivative as

Iu/3Q = (Ou/R o JOR c /9Q)

+ (Ou/IRcx ORn/0Q) , 4)

we note that the low intensity of the CN mode occurs
through a fortuitous cancellation of four relatively large de-
rivatives on the right-hand side of this expression. Small
changes in any of these derivatives can produce dramatic
intensity enhancements. For example, in monomeric DCN,
a 50-fold increase in the CN intensity results from the
change in the dR /3dQ terms. The normal mode changes in
HCN on polymerization are much smaller however, and
lead to calculated increases of only 1 to 6 (Table IV). The
experimental dimer and trimer enhancements (30, 500) for
the observed CN stretches are more than an order of magni-
tude greater. This is a clear indication of the large increase in
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du/3R 4y which is known to occur in hydrogen bonded sys-
tems. Our calculations for the monomer show that a twofold
increase in the CH derivative produces a factor of 30 en-
hancement in the infrared intensity for the CN stretch. Such
an increase is quite reasonable on hydrogen bonding. Analo-
gous derivative changes of factors of 3 to 4 have been report-
ed in recent ab initio calculations on (H,0), and HCN---HF
and are attributed to dynamic charge transfer and polariza-
tion effects accompanying the proton movement.3? Similar
calculations for HCN dimer and trimer species would be of
some interest since the measured enhancement factors of
these simple linear molecules should provide a good test of
the reliability of charge flows predicted by theory.

4. Harmonic force constants

Finally, we comment on the force constant changes
brought about by hydrogen bonding. As seen in Table III,
the CN force constants change very little, the bound CN
values increasing by only about 1% for both dimer and
trimer compared to the free CN group. The actual magni-
tudes of these changes are rather sensitive to the details of the
particular force field chosen and so are not well determined.
In contrast, the force constant for the CH bond involved in
hydrogen bonding is significantly altered, a 6% decrease oc-
curing for the dimer. An even greater drop of 11% is seen for
the central CH bond of the trimer, implying that the second
hydrogen bond is stronger than the first. This is not surpris-
ing since the (4 E ) per hydrogen bond is much greater for the
trimer (3.8 kcal/mol) than for the dimer (2.69 kcal/mol).>
The very low force constant for the central CH bond sug-
gests a flow of charge in both directions from this bond, a
process that might be favored by the pi network of a linear
structure.

C. Spectra of higher polymers

The CARS spectra show a steady progression to lower
frequency for all bands as the size of the complex increases.
For expansions in which aggregation is extensive, a single,
broad polymer feature dominates each spectral region, at
frequencies which are essentially the same as those of the
solid. While the CARS data afford no way of determining
the sizes of the aggregates formed, most evidence points to
small polymer sizes. In a separate mass spectral study to be
described elsewhere®* we have examined the size distribu-
tions in HCN and HCN/Ar expansions at X /D = «. As a
typical example, fora 1:1 HCN/Ar expansion from P, = 1.3
atm we observe mass spectral signals of n-mers decreasing in
the proportion 21:8:7:3:1 as n increases from 1 to 5. Ques-
tions do exist about the meaning of such intensities because
of possible ionization fragmentation and, certainly, the con-
ditions in these experiments are not identical to those used in
the CARS apparatus. Nonetheless, a rapid falloff in concen-
tration with cluster size is indicated. Similar observations
have been made in mass spectrometric studies of water clus-
ters®>® where the decay appears to be exponential with » for
n =1 to 40. These observations, coupled with the fact that
we see the “polymer” band arise when the monomer, dimer,
and trimer bands all have substantial intensity (see Figs. 13

and 14), indicate that the polymer band is characteristic of
aggregates of the order of n~ 10.

It is interesting to speculate about the nature of such
small clusters. The fact that the frequencies we observe are
very similar to those of the bulk solid and do not match the
liquid frequencies (see Figs. 13, 15, and 16) suggests a solid-
like packing. By solid-like we mean the strong preference for
orderly linear hydrogen bonded chains. In the solid the hy-
drogen bond length is slightly smaller {2.18)*° than the 2.22
A value found in the gas phase dimer, so the shift of the
polymer stretch to lower frequencies is indicative of similar-
ly shorter, stronger hydrogen bonds. Finally, we do not
mean to imply that the higher n-mers have the structure of
one-dimensional chains. Clearly beyond a certain small
number of units, say » = 6 or so, the dipole—dipole and dis-
persion interactions will eventually favor a structure having
two or more parallel chains as opposed to one longer chain.
However, we expect the linearity of chains to be strongly
preferred over a random arrangement more characteristic of
liquid type packing.

D. Line shape considerations

Much recent attention has been focused on the origin of
vibrational linewidths for van der Waals and hydrogen
bonded complexes, and it is appropriate to consider the pres-
ent data (Table I) in this regard. The observed CARS
linewidths are far in excess of the Doppler limit and can be
either homogeneous, due to lifetime and dephasing effects,
or inhomogeneous, due to the presence of multiple species,
unresolved rotational fine structure, or the presence of com-
binations and hot bands with “intermolecular” modes. We
cannot distinguish between homogeneous and inhomogen-
eous broadening in these experiments, but we can still elimi-
nate some of the above mechanisms.

Rotational fine structure cannot be the main determi-
nant of the observed linewidths. The sharpest Raman lines
are the v; modes of the HCN dimer and trimer, both of
which show a FWHH =2.6 cm~'. Even here, the
linewidths are much greater than expected on the basis of
rotational structure alone. For example, if a/
By, = + 0.25%, as was estimated for the IR-active v, dimer
mode, the calculated CARS Q branch width due to rota-
tional structure would be only 0.2 cm ™~ (at 150 K). All of the
observed widths are at least an order of magnitude larger
than this.

We can reject the possibility that the observed dimer
linewidths could be due to more than one species contribut-
ing to a given band. In expansions with mostly trimer and
higher aggregates, little intensity contribution is seen in the
dimer region. Thus, in Fig. 13 for example, the single, sym-
metric aggregate band produced in neat expansions of HCN
can be attributed solely to the dimer. Similar considerations
argue that the widths of the DCN CN and HCN CH dimer
bands are also not due to contributions from higher aggre-
gates.

We are thus led to consider lifetime effects and broaden-
ing due to transitions involving low frequency hydrogen
bonding modes. The rate at which vibrational energy initial-
ly pumped into a high frequency mode of an isolated hydro-
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gen bonded molecule redistributes among other coordinates
is quite variable. In methanol dimer, the C-O stretching
mode {~ 1050 cm™') has a homogeneous linewidth of 13.8
cm ™! implying an extremely short lifetime for the C-O exci-
tation (0.4 ps)."> In other cases such as (HF), the linewidths
are quite narrow and lifetimes are greater by 5 orders of
magnitude.” This range of behavior has yet to be reconciled
within the context of a theoretical picture. We only note here
that, if our observed linewidths are homogeneous, they
would imply lifetimes of ~1 ps for the CN stretches in
{HCN), dimer {and trimer), ~0.3 ps for these modes in the
{DCN),, and ~0.05 ps for the dimer CH stretch. It would be
interesting to examine these modes using time domain co-
herent Raman spectroscopy>® since the decay of the time
delayed CARS signal would provide a sensitive measure of
fast dephasing times.

Although lifetime effects may be present, it seems more
likely that the observed widths arise from simple combina-
tions of the CH and CN stretches with the low frequency
stretching and bending modes of the hydrogen bond. In this
picture, the anharmonic nature of the hydrogen bond poten-
tial gives “Franck—Condon” type vibrational progressions
of the sort v,y + #vyg. Such a mechanism is knowntobea
major factor in producing the very broad A-H stretches in
hydrogen bonded species*~ and it, plus hot band transitions,
could well account for the ~60 cm ' width we observe for
the CH stretch of (HCN),. A key feature of this model is the
strength of coupling between the CH and CN bonds with the
hydrogen bond, coupling reflected in both the monomer-
dimer shifts and the widths of the dimer bands. It is not
surprising that this interaction is smallest for the CN stretch-
es in HCN thus making these the narrowest bands. The
greater width of the v, mode for DCN---DCN (11 vs 2.6
cm ™! for HCN---HCN) is consistent with the greater extent
of mixing with the CD stretch which couples strongly to the
hydrogen bond. We note that the same line of reasoning
could also be invoked to explain the differences in lifetimes
among the various modes if we attributed the widths to life-
time broadening. The distinction between these two view-
points is of interest but must await further study of the ho-
mogeneous—inhomogeneous character of such hydrogen
bonded transitions.

V. SUMMARY

The results obtained from infrared and PARS studies of
static samples and from CARS spectroscopy in supersonic
expansions allow us to make a number of observations con-
cerning the nature of HCN complexes.

Our observations for the HCN dimer are completely
consistent with the linear structure determined in micro-
wave studies. The small positive vibration-rotation constant
{ar) determined for v, indicates a small expansion of the mole-
cule on excitation of the CN mode, a contrast to the larger
contractions noted by others when the AH stretch is excit-
ed.?>3¢ The observed frequencies, and the force constants
derived from them, show that very little perturbation of the
CN bonds results from hydrogen bonding, consistent with
results of ab initio calculations.’”*° As expected, the bonded
CH stretch is much more affected. The 6% change in diag-

2145

onal force constant and the dipole derivative increase im-
plied by the 30-fold IR intensity enhancement of v, are indi-
cative of a substantial perturbation of this CH bond.

One of the most interesting aspects of the present work
is the identification of the HCN trimer. The rotational enve-
lope observed for the IR v, trimer mode provides convincing
evidence for a linear structure. To our knowledge, this is the
most direct evidence for the structure of any gas-phase
trimer yet observed. Other, less direct, vibrational predisso-
ciation results on (HF),®! and (H,0),%? and their higher poly-
mers, as well as electric deflection studies of a number of
species® all point to cyclic structures for small #-mers with
n>3. HCN is somewhat unique in that the electron donating
group is an sp hybridized lone pair. For a cyclic geometry,
the s orbital of the hydrogen atom would have poorer over-
lap with such a lone pair and it is reasonable that the linear
trimer should be preferred, even at the expense of one extra
(but weaker) hydrogen bond.

All evidence indicates that the hydrogen bonds are
stronger in the trimer than in the dimer. The CH frequency
shifts of the trimer are larger, approaching those of solid
HCN where the hydrogen bond lengths are significantly
shorter than the gas phase dimer value. The trimer hydrogen
bond energy is 3.8 kcal/mol per bond vs 2.7 kcal/mol in the
dimer.>* Finally, the IR v, intensity enhancement relative to
the monomer is much greater in the trimer {~ 500) than in
the dimer {~ 30}, indicating a greater electronic change in
the CH bond. The trimer enhancement factor is very similar
to the corresponding solid/gas cross section ratio of ~490,%
suggesting a similarity to the solid.

We have little specific information concerning n-mers
higher than the trimer except that all further species seem to
have frequencies very near the solid state values. We conjec-
ture that this is due to the presence of well-ordered linear
arrangements in small clusters similar to the solid packing.

Our results point to the need for further work on HCN
complexes. The linear HCN trimer should have a large di-
pole moment and thus be amenable to microwave study. Ob-
servation of even larger complexes, which we predict may be
polar, might be possible. The bond lengths derived from
such studies would be quite interesting in defining the hydro-
gen bonding potential energy surfaces of these model linear
systems. In conjunction with this work, ab initio optimiz-
ation of the trimer geometry would be enlightening.

Finally we note that the present study demonstrates the
utility of CARS spectroscopy in supersonic expansions for
studies of weakly bound complexes. Further research using
CARS and other coherent Raman techniques should pro-
vide useful vibrational information to complement the valu-
able body of structural data recently obtained from micro-
wave studies.
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