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Abstract-The infrared spectra of crystalline hydrocyanic acid, HCN, and 
its deuterium analog, DCN, have been recorded from 33-700 om-'. Spectral 
band assignments have been made on the basis of the low-temperature 
crystalline modification, Ci,O. A detailed analysis of the effects of the 
apparently strong hydrogen bond in HCN was carried out on the basis of 
the dielectric properties of the system. Evidence is offered to show con- 
sistency between the H - C+ = N- resonance structure proposed by 
Pauling, the high melting point, the low dielectric constant observed by 
Smyth and McNeight and the pyroelectric effect reported by Dulmage and 
Lipscomb. 

Introduction 

In  our continuing examination of various molecular crystal 
sytems we have reported and interpreted the far-infrared spectrum 
of crystalline hydrocyanic acid, HCN, and its deuterium analog. 
No Raman spectra have been recorded since all vibrations group 
theoretically allowed in the Raman effect are permitted by the 
infrared selection rules. Many investigations of this molecule 
have been reported but we include here only a review of the litera- 
$ For Part V I I ,  see J .  Chem. Phys. in press. 
0 Present address : Department of Chemistry, University of Nevada, Reno, 

Nevada, U.S.A. 
) I  Person to whom all correspondence should he addressed. 
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48 MOLECULAR CRYSTALS A N D  LIQUID CRYSTALS 

ture which has direct pertinence to our solid state investigation. 
Smyth and McNeight1 have reported dielectric constant measure- 

ments for polycrystalline HCN and they conclude that there is no 
evidence for molecular rotation in the solid. These workers felt 
that the molecule's deviation from sphericity and the large dipole 
moment adequately explain the behaviour of the HCN system 
without discussing the strength, or indeed the presence, of hydro- 
gen bonds. Smyth and McNeight also reported a premelting 
phenomenon beginning approximately 13°K below the me1 ting 
point at  259.1"K. They attributed this process to the presence 
of impurities, which is not unreasonable in view of the dielectric 
constant's sensitivity to the like. Giauque and Ruehrweina 
measured the heat capacity of HCN. They reported a phase 
transition at  170.37"K in the solid. Furthermore, they attribute 
this modification to the movements of large groups of HCN mole- 
cules since the entropy change is only 0.022 e.u. These workers 
also found a premelting phenomenon and likewise attributed it to 
impurities even though, as they reported, the liquid HCN stood 
for over 1 year with no discoloration at room temperature. Another 
interesting feature which Giauque and Ruehnvein reported is that 
between 100" and 200°K intense flashes of bluish-white light were 
emitted on warming and cooling the 5 moles of crystalline HCN 
in their system. They further reported that the flashes were 
accompanied by a cracking characteristic of crystals breaking 
under strain. The remainder of their paper deals with the poly- 
meric species present in the gaseous state, which they offer as the 
explanation for the observed high dielectric constant. The mid- 
infrared spectra of HCN have been reported and discussed by 
Hornig and H~ffrnan.~ They observed a very marked change in 
intensity (IOOOX) between the gaseous and crystalline states. 

Lipscomb and Dulmage4 reported the crystal structure of both 
the high and low temperature modifications. They showed that 
only a very small change in structure occurs, involving large 
groups of HCN molecules, a t  170°K which was consistent with the 
results of Giauque and Ruehrwein. This change, on going from 
the high temperature to the low temperature modification, was 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

8:
21

 2
3 

Fe
br

ua
ry

 2
01

3 



L O W  FREQUENCY VIBRATIONS. VIII 49 

accompanied by the following structural changes: Aa = - 0.5 A, 
Ah = + 0.25 A, and Ac = 0.OA where a, b, and c are the crystal- 
lographic axes, Furthermore, the low temperature form is strongly 
pyroelectric, which indicates that all HCN molecules point in the 
same direction. The premelting phenomenon seen by Smyth 
and McNeight as well as by Giauque and Ruehrwein was inter- 
preted by Dulmage and Lipscomb4 as possibly due to a 
molecular reorientation at or very near the melting point rather 
than to impurities. The space groups reported were as follows: 
T > 173°K C:, - I 4  mm, T < 173°K CE,O - I mm. In both 
phases there are reported to be two molecules per unit cell. Both 
of these structures place an HCN molecule along each edge of a 
right parallelepiped (parallel to the c axis) and one molecule in the 
body-centered position (also parallel to the c axis). Their article4 
contains excellent models and discussions of the proposed struc- 
tures which we will not duplicate; however, the normal modes of 
motion, hydrogen bonds, etc., will be discussed in terms of these 
models for the sake of consistency and clarity. 

Pezolet and Savoie5 have quite recently completed an examina- 
tion of the Raman spectrum of crystalline HCN. Their results 
(in low frequency region) indicates that they were unable to 
observe the B, and B, modes in the low temperature phase. 
However they did observe the doubly degenerate component 
at 161 cm-1 at  - 90°C and a t  149 cm-l in the heavy compound. 
Also, these workers recorded a band at -220cm-1 in both 
isotopes which they observed in both Phase I (high temperature 
modification) and Phase I1 (low temperature modification). They 
conclude that this is a reflection band and that it likely arises from 
piezoelectric anomalies. This effect was also seen on all the mid 
infrared fundamentals. 

Paulinge has noted the unusual dipole moment dielectric con- 
stant behavior of HCN as well as HF, CH,OH, CH,NH,, H,Oz, 
etc. He attributes the low dielectric constant found by Smyth 
and McNeight to (HCN), polymers which are unable to reorient. 
He further proposes that resonance structures of the kind H - Cc 
= N- account for the very high melting point ( - 13°C) of such a 
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60 MOLECULAR CRYSTALS A N D  LIQUID C R Y S T A L S  

light substance as HCN. Pauling states, that on the basis of 
simple dielectric theory, in the liquid the average degree of poly- 
merization is three. Although the hydrogen bond is weak he 
proposes that it is responsible for this high melting point ; however, 
he does not mention that HF with a much stronger H bond melts 
at  - 83°C. Nixon and King' recorded the matrix isolation 
spectra of HCN and DCN. Their results indicate HCN exists as a 
dimer in the matrix and they observed frequencies at  96, 137, 
and 144 cm-1 which they assigned as molecular motions arising 
from this species. Thus, the stability and electrical properties of 
the system have not been satisfactorily explained and the far 
infrared optical properties remain to be explored. Therefore, we 
have investigated the far infrared spectra of HCN and DCN to 
shed additional light on the effects of the crystal structure of the 
hydrocyanic acid on its physical properties. 

Experimental 
Both HCN and DCN were prepared in the same manner from 

concentrated H,SO, and D,SO,, respectively. The acid was 
dropped into a flask which contained KCN and was surrounded 
by an ice water bath to retard the formation of SO,. For increasing 
the effectiveness of the reaction, the KCN should be stirred to 
allow the acid to reach fresh reactant continually. It appeared 
that if this procedure was not followed, SO, would be formed even 
at  the low temperature of the ice bath. A trap-to-trap distillation 
(dry ice-acetone and liquid nitrogen) was used to purify the 
product. The product was pumped on, a t  liquid-nitrogen tem- 
peratures, for 3-4h and then checked in the mid-infrared 
spectrum for impurities. No SO,, HNCO, or H,O could be 
detected. For the DCN preparation, the entire apparatus was 
purged with D,O, and then a hard vacuum of 1 x lo-, torr was 
established prior to the addition of the reactants. The DCN was 
estimated from the infrared intensity data to  be 97% deuterated. 

The far infrared spectra were recorded from 33 to 500 cm-' by 
using a Beckman IR-11 spectrophotometer. No bands were 
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L O W  F R E Q U E N C Y  V I B R A T I O N S .  V I I I  51 

found below 100 or above 300 cm-l. The atmospheric water vapor 
was removed by flushing the system with dry air. The instrum- 
ent was calibrated by using atmospheric water vapor. The single 
beam energy was kept between 1 0 - 1 5 ~ 0  a t  all time?. Various 
gain settings and scanning speeds were used to obtain the best 
presentation of the spectral data. A low temperature cell iden- 
tical to  the one described earliers was used to examine the samples 
which were evaporated onto silicon support plates described else- 
where.g Spectra were recorded at various film thicknesses in 
order to confirm both the presence and the relative intensity of 
any given band. Whereas any individual far infrared spectrum 
contains some weak apparent absorptions in the generalized back- 
ground, only those bands which could be reproduced a t  the same 
frequencies and relative intensities in all spectra are reported in 
Table I. Thus, the spectra shown in Figs. 1-3 are original spectra 
and not composite tracings. The spectra were recorded a t  - 100"K, and as a result all data pertain to  the low temperature 
modification. The reported band centers are reliable only to 
* 5 cm-1. It was not possible to obtain data on the high tem- 

perature modification because of the limitations of our cryogenic 
equipment. 

Results and Discussion 

GROUP THEORY AND MOLECULAR SPECTRA 
The lattice dimensions of the high-temperature modification 

are a = 4.63 0.02 A and c = 4.34 k 0.02 A and of the low- 
temperature modification: a = 4.13 & 0.02 A, b = 4.85 * 0.02 A, 
and c = 4.34 * 0.02 A. As previously mentioned, the symmetry 
of the high-temperature modification (hereafter denoted HTM) 
is Civ - 14mm and that of the low-temperature phase (LTM) is 
Ci,O - Imm. The group theory of Hornig and HalfordlO give the 
results shown below [ r ( A  2') designates acoustic translations, and 
r (OL) designates optical librations] first for the HTM [ ( 1) and (a ) ]  
and then for the LTM, 
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52 MOLECULAR C R Y S T A L S  A N D  L I Q U I D  CRYSTALS 

r ( A T  = A ,  + E (1) 
I'(0.L) = E (2) 
r ( A T )  = A ,  + Bl + R, (3) 
I'(0.L) = B, + B, (4) 

The formation of the unique c axis gives rise to the LTM pyro- 
electricity and also to the splitting of the degenerate E mode into 
B, and B,  components. Thus, the B, species and associated with 
motions along the a axis, the B, species with motions along the b 
axis, and the A ,  species with motions along the c axis. 

The HCN spectrum is shown in Fig. 1 and the large arrows 
indicate the fundamental absorption bands arising from libra- 
tional motion of the molecules. The overlay present in this figure 
(Curve A) is an alternate spectrum which the HCN often exhibited 
and we believe i t  to result from a different orientation of the 

I I I I I I 
I I I , I 

2 6 0  245 230 215 200 185 170 155 

F R E Q U E N C Y  (CM-') 

Figure 1. The far infrared spectrum of polycrystalline HCN (140-280 
cm-l). Top curve shows an alternate spectrum which we believe to result 
from a different orientation of the molecular film. The large arrows in- 
dicate the fundamental librational lattice modes. 
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LOW FREQUENCY V I B R A T I O N S .  V I I I  53 

molecular film. Whereas all samples used in recording the spectra 
were carefully annealed, it was not observed that these orientations 
interconverted. This is not to say that it is not possible, only that 
before the phenomenen could occur the film would resublime onto 
a metal portion of the cell. The orientation phenomenon seemed 
to be a random process. 

The bands at  186 and 205 cm-1 in Fig. 1 are assigned as either the 
B, or B, components from the doubly degenerate E librations in 
the HTM. The overlay (A) in Fig. 1 likely represents en orienta- 
tion of the crystal on the silicon plate such that the AC plane or 
BC planes are (see next section) parallel to the face of the sample 
support plate. This would account for the lack of definity in the 
overlay, It is possible, as pointed out by Pezolet and Savoie5 that 
the effects of piezeolectric or pyroelectric may cause rather 
unpredictable behavior in a polycrystalline sample. The smaller 

0 '  : I I 1 I I 
t 

144 128 112 96 80 
F R E Q U E N C Y  (C M-') 

Figure 2. The far infrared spectrum of polycrystalline HCN (80-152 
cm-I). 
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L O W  F R E Q U E N C Y  V I B R A T I O N S .  V I I I  55 

authors that the most likely explanation of these phenomena 
arises from the piezoelectric or pyroelectric effects. The crystal 
structures is almost surely correct since the NQR results1' are also 
consistent with the structures proposed by Lipscomb and Dulmage. 

The corresponding librational features are seen in Fig. 3 for 
DCN. Again the larger arrows represent the absorption bands 
(also the transverse components of the reflection bands) arising 
from librational motion of the DCN moiety in the unit cell. The 
absorption maxima for the two librational components are found 
a t  160 and 180 cm-1 whereas their corresponding reflection maxima 
must lie in the broad sloping shoulder between 185 and 240 cm-l. 
As noted above for HCN, the smaller arrows at lower frequencies 
in Fig. 3 may be disorder absorptions or anharmonic features 
We tend to favor the latter, as the weaker bands are shifted to  
lower frequencies by an isotopic shift parameter equal to  that  
expected for modes of translational origin (see Table 1). It is 
clear that in systems where absorption and reflection bands are 
simultaneously observed (see for example reference 12) that the 
absorption frequency is very nearly equal to the transverse 

TABLE 1 

Calculated Observed Calculated 
Observed isotopic isotopic DCN fre- 

frequencies shift shift quency (from 
HCN DCN parameter parameter Column 3 )  Assignments 

228 ( v s ) ~  224 (s) 0.982 0.982 224 Rb 

158 (w) - 0.982 (155)c T d  

149 (w) 146 (vs) 0.982 0.950 146 T d  

127 (vw) 117 (vw) 0.982 0.921 124 T d  

112 (vw) 105 (vw) 0.982 0.938 110 T d  

205 (vs) 182 0.904 0.876 (185)c B,orB,LcR 
185 (vs) 160 (s) 0.904 0.865 167 B,or B,L 

__ 

a Quantities in parenthesis are estimated intensities where v is very, s is 
strong, m is medium, and w is weak. 
b T designates anharmonic translational mode; L designates librational 
mode; R designates a reflection component. 
c Indicates frequencies not directly observed. 
d See text.for the possib!e origin of these translational modes. 
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56 M O L E C U L A R  CRYSTALS A N D  LIQUID C R Y S T A L S  

component of the reflection band. Further, the high frequency 
cut off of this reflection or absorption-reflection band will be very 
nearly equal to w I  the longitudinal component of the reflection 
maximum.13 In order to lend justification to the above assign- 
ments we have used the extended Lyddane-Sacks-Teller relation 
and the Clausius-Mosotti equation (vide infra) to calculate the 
optical dielectric constant. These equations are respectively, 

where Qlv is the longitudinal component of the vth frequency, QtV 

is the transverse component of the vth frequency, k, is the static 
dielectric constant (recall this was measured by Smyth and 
McKnightll) and k,  is the optical dielectric constant. The 
Clausius-Mosotti equation relates the optical dielectric constants 
to the polarizability : 

where k, is defined above, M is the molecular weight, d is the 
density, N is Avogadro's number and ct, is the molecular polar- 
izability. This latter equation must be used with caution since 
the dielectric cavity in which the molecule sets is spherical and the 
dielectric medium is isotropic. 

The k,  values calculated via the assignments proposed and the 
LST relation in Eq. ( 5 )  compare favorably with that calculated by 
Eq. (6) i.e. 1.6 for the LST relation and 1.8 via the Clausius- 
Mosotti equation. It will be shown in the next section that the 
single crystal medium is not isotropic ; however, our data were taken 
from polycrystalline samples. Whereas, the good agreement 
between the two k, values is likely fortuitous, the fact that these 
values are close may reflect the experimental conditions. Indeed, 
other workers14J6 have reported observing unexpected optical 
components which have been identified in cubic crystals as p -  
polarized longitudinal optic phonons. Since both of these authors 
agree that size, shape and orientation of the sample may cause w1 
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LOW F R E Q U E N C Y  V I B R A T I O N S .  V I I I  57 

to be observed, we feel that due to these features and the unusual 
optical properties of the LTM of HCN (see the following section) 
it is possible that wI  optic phonons bands are present in the HCN 
and DCN spectra. 

PYROELECTRICITY, DIELECTRIC ANISOTROPY AND OPTICAL 
ANOMALIES 

Hydrogen cyanide blongs to a particularly unique crystal 
symmetry system which allows it to develop electric moments as 
a function of temperature. This effect is defined as pyroelectricity. 
For a crystal to be pyroelectric more restrictive symmetry con- 
ditions are necessary than for piezoelectricity, hence a pyro- 
electric crystal may also display piezoelectric effects. We have 
noted in the previous section that the observed bands may be 
understood in terms of absorption and reflection components 
based on the favorable agreement of the optical dielectric constant 
calculated by two independent methods. Wilsonls has shown 
that the optical dielectric constant, k,, may be written as follows: 

where k,, k,, and k, represent the orthogonal components of k, in 
the crystal. If the crystal is isotropic then any individual com- 
ponent is equal in magnitude to k,. However, in HCN almost the 
exact opposite case is true, i.e. two of the components are nearly 
zero while the third is approximately three times as large as k,. 
If this is the situation we may rewrite Eq. (7) as 

(8) 

Where k,, is parallel to the C crystallographic axis and k, is 
parallel to either the A or B crystallographic axis and very nearly 
isotropic in either direction. This form of the dielectric constant 
given by (8) is identical to that displayed by other pyroelectric 
systems. In  particular, k ,, for these systems completely dominates 
the right side of Eq. (8). This effect may be illustrated numerically 
be examining the dielectric constants for the tourmaline crystal 
which is frequently referred to as the classical example of the 

ko = 5 (k, + 2k.J 
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58 MOLECULAR C R Y S T A L S  A N D  LIQUID C R Y S T A L S  

pyroelectric system.17 For tourmaline, k ,( equals 7.1 whereas k,  
is 2.36 so that 2kLm 0. 

It should be clear from the above comments that this effect can 
cause two very difficult problems in further studies of HCN. 
First, any temperature gradient across a sample support plate or 
within a Raman cell will lead to inhomogeneous optical properties 
in the sample causing the spectra to contain ambiguous or anomal- 
ous properties. Second, the extreme dielectric anisotropy dis- 
played by HCN crystals with k,, either parallel or perpendicular 
to the sample support plate. Until one is able to effect isothermal 
conditions within the entire sample, the first problem will remain. 
At  this time, the likely choice of instrument to accomplish this 
temperature control for further reflection studies in the far infrared 
would be an interferometric sytem (because of the comparatively 
small sample area necessary) operating at liquid helium temper- 
atures if possible. 

This dielectric anisotropy also explains the very large inter- 
molecular intensities observed in the far-infrared spectra for this 
substance compared to those studied previously. We estimate that, 
per millimeter of sample pressure, the HCN external lattice 
vibrations were close to 100 times more intense than any system 
studied earlier. In  addition, since the sample may have two 
preferred orientations on the silicon plate, the large dielectric 
anisotropy may well be the explanation for the two types of 
observed spectra as shown in Fig. 1.  The overall significance of 
this anisotropy is that the HCN crystal system can be well rep- 
resented by a one-dimensional lattice, i.e., the principal forces 
holding the system together all lie along the c axis. This effect 
could explain the premel ting phenomenon observed by earlier 
workers ; l p Z  as the thermal energy increases, the long rods of HCN 
slowly begin to act more and more like chains, thus allowing 
increased dipole orientations and a larger and larger contribution 
to the dielectric constant. Finally at the melting point the ohains 
break into pieces which, on the average, are made up of three 
molecules per fragment.6~17~1* 

In the introduction it was pointed out that HF, H,02, CH,OH, 
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L O W  F R E Q U E N C Y  VIBRATIONS. VIII 59 

etc., all showed deviations in the dipole moment-dielectric con- 
stant plot but that  none were as dramatic as those for HCN. The 
colinearity of the molecular and crystal axes and the dielectric 
anisotropy accompanying this coincidence appear to be the chief 
causes of the apparent strong hydrogen bond in crystalline HCN. 
Furthermore, the proposed contributione of the H - C+ = N- 
type of resonance structures is greatly strengthened by the above 
proposed dielectric argument. 

Acknowledgements 

One of us (F.G.B.) would like to thank the National Cancer 
Institute for a Postdoctoral Fellowship 6-F2-CA-35, 825-01A1. 
We also wish to thank the National Science Foundation for 
support of this research by Grant GP-8429. Furthermore, we 
wish to thank Professor E. L. Amma for his many helpful dis- 
cussions of this crystal system. 

R E F E R E N C E S  

1. Smyth, C. P. and McNeight, S. A.,  J .  An&. Chena. Soc. 58,  1723 (1936). 
2. Giauyue, W. F. and Ruehrwein, R. &4., J .  Am. Chepn. SOC. 61, 2626 

3. Hoffman, R. E. and Hornig, D. F., J .  Chem. Phys. 17, 1163 (1949). 
4. Dulmage, W. J .  and Lipscomb, W. N., Acta Cryst. 4, 330 (1951). 
5. Pezolet, M. and Savoie, R., Can. J. Chem. 47, 3041 (1969). 
6. Pauling, L., The Nature of the Chemical Bond (Cornell Univeristy Press, 

7. King. C. M. and Nison, E. R., J .  Chem. Phys. 48, 1685 (1968). 
8. Baglin, F. G., Bush, S. F. and Durig, J. R., J .  Chem. Phys. 47, 2104 

9. Baglin, F. G., Bush, S. F. and Durig, J. R., Appl. Spectry. 22, 1111 

10. Homing, D. F., J .  Chem. Phys, 16, 1048 (1948); Winston, H. and 

11. Negita, H., Casabella, P. A., and Bray, P. J., J .  Chem. Phys. 32, 314 

12. Mitsuishi, A., Yamada, Y .  and Yoshinago, H., J .  Opt. Soc. Am. 52, 14 

13. Waas, C. and Iietelaar, J. A. A., Phys. Rev. 103, 564, (1956). 

(1939). 

Ithaca, N.Y., (1959), 3rd ed., p. 458. 

(1967). 

(1968). 

Halford, R. S., ibid. 17, 607 (1949). 

(1960). 

(1962). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

8:
21

 2
3 

Fe
br

ua
ry

 2
01

3 



60 MOLECULAR C R Y S T A L S  A N D  L I Q U I D  C R Y S T A L S  

14. Cochran, W., Fray, S. J., Johnson, F. A., Quarrington, J. E. and 

15. Berreman, D. W., Phys. Rev. 130, 2193 (1963). 
16. Wilson, J. N., C h m .  Rev. 25, 377 (1939). 
17. Nye, J. F., Physical Properties of Crystals (Oxford University Press, 

18. Cole, R. H., J .  Am. Chem. SOC. 77, 2012 (1955). 

Williams, N., Proc. Roy. SOC. (London)  77, 215 (1961). 

New York, 1957), p. 80. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

8:
21

 2
3 

Fe
br

ua
ry

 2
01

3 


