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High-pressure behavior of the alkali cyanides KCN and NaCN
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The C-N stretching vibration has been studied in both KCN and NaCN through the combination of Raman-
scattering and infrared-absorption spectroscopy. Raman and infrared data were collected on KCN up to pres-
sures of 20 and 40 GPa, respectively, and for NaCN the pressure range was limited up to 20 GPa for both
techniques. Changes in the spectra of NaCN confirm a transition to a high-pressure polymorph at approxi-
mately 12 GPa. The combination of the two optical techniques has allowed for a determination of changes in
the C-N bond anharmonicity as a function of pressi8163-182@09)01726-9

. INTRODUCTION followed by a monoclinic distortiof! In this phase the CN
ions are no longer free to rotate. NaCN has also been found

The group of four alkali cyanides, NaCN, KCN, RbCN, to undergo structural modifications with the application of
and CsCN, represent a class of compounds exhibiting progressure. At room temperature, NaCN first transforms to an
erties of both ionic and molecular crystals. These compoundsrthorhombic phaset(gﬁ) at 0.2 GPa, at approximately 4
crystallize in either the NaCl or CsCl structure at room tem-GPa to a phase with> symmetry, and at 12.5 GPa there is
perature and zero pressdresith the CN™ molecule behav- 3 transition to a monoclinic structurélg).”
ing roughly as an ion intermediate in sigadius ~1.9 A)
between CT and Br~ (radii of 1.81-1.96 Az In contrast to Il. EXPERIMENT
the alkali halides, however, the cyanides display a rich de-
gree of polymorphism that is expressed by a complex phase For the infrared absorption measurements, reagent grade
diagram. The difference between the cyanides and halides KCN or NaCN powder(Spectrum Chemical Mfg. Co., Gar-
primarily due to the elliptically shaped CN which can dis- ~dena, CA was mixed with 0-90% KBr powder and loaded
tort the crystal structure. In addition to interest in the alkaliinto a gasketted diamond-anvil cell. All of the infrared spec-
cyanides, the C-N bond is of general interest in a number ofra were obtained using a liquid-nitrogen-cooled InSb detec-
areas, having implications for low-compressibility materialstor, a globar source, and a Bruker IFS-66V Fourier-
as well as astrophysical significante. transformed infrared spectrometer. Raman spectra were

KCN and NaCN are two of the prominent members of theobtained from pure NaCN and KCN in a gasketted diamond-
alkali-cyanide family, an extensive amount of research havanvil cell, using a Dilor OMARS 89 micro-Raman spectrom-
ing been carried out on the properties of bbfh® There has eter and a liquid-nitrogen-cooled charge-coupled device de-
also been a great deal of interest on the effects of high pregector (OMA4). All Raman spectra were obtained in the
sure on these materials!’ At zero pressure and room tem- backscattering geometry using the 514-nm line from an Ar
perature, both cyanides are in the plastic phase, possessindgger as the excitation source, and the incident laser power on
pseudocubic structure analogous to that of NaCl. This phasée diamond cell was typically-1 mW. For both types of
is characterized by rapid reorientation of the Cidins; when ~ experiments, pressure was determined with the ruby fluores-
the rotations are time averaged the Cldns appear spheri- cence techniqué'® KCN, NaCN, and KBr are relatively
cal, which accounts for their similarity to the alkali halides. Soft; over the pressure range of this study pressure inhomo-
Temperature, pressure, or a combination of the two cag@eneities were typically-10% of the average pressure. All
hinder the rotations. This effectively causes the Gbin to ~ Spectra were collected at room temperature and with a reso-
become significantly elliptical, and the departure from thelution of 4 cni ™.
time-averaged spherical shape distorts the crystal structure.
At zero pressure, for example, there is a transition to an [ll. RESULTS AND DISCUSSION
elastically ordered structure occurring at 168 K for KCN and
at 288 K for NaCN At room temperature KCN undergoes a
first-order phase transition, with a volume reduction of 11%, The CN™ fundamental vibration has a strong infrared ab-
to a monoclinic distortion of the CsClI structu@i€CN IV) at  sorption at~2100 cm*in both KCN and NaCN. However,
1.97 GPa. This high-pressure phase is best thought of as firhtis coincides with the two-phonoftiirst overtong absorp-
applying a small rhombohedral stretch to the CsCl cubic celltion of the diamond anvils, which surround the sample and

A. Infrared data
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2000 2050 2100 2150 2200 FIG. 3. The frequency shift of the fundamentabuarey and
Wave number (cm™) first overtongcircles stretching CN vibration of KCN as a function

of pressure. Closed symbols are on compression; open symbols on
FIG. 1. Representative spectra of KCN. The bottom axis is asgecompression. The lines are fits to the data.

sociated with the three lower, Raman spec¢ftendamental while

the upper axis is associated with the three upper, infrared spectra
(first overtone. compared to the fundamental, we were unable to observe any

Raman scattering from the first overtche.

interfere with the measurement. We were thus unable to ob-
tain any reliable information on the fundamental vibration
using infrared spectroscopy. However, we were able to ob-
tain infrared-absorption spectra of the first overtone of the Spectroscopy can be particularly useful in determining
CN stretching vibration at-4000 cm'?, since it is relatively ~phase boundaries as well as providing insights about the
strong and is in a region where the diamonds are transparenhanges in bonding and local environment of the species
(Figs. 1 and 2 being probed. The frequency shift with pressure of both the
fundamental mode and first overtone of the CN vibration in
KCN is summarized in Fig. 3. The pressure dependence of
the fundamental peak position is well fitted by two straight
The fundamental mode of the CN stretching vibration islines, with slopes of 7.8-1) cm YGPa forP<2 GPa and
also Raman active and, in the spectral region of the funda3.0(=0.1) for 2<P <20 GPa(Table |). The discontinuity in
mental, Raman spectroscopy does not suffer from absorptiothe peak position and the change in the pressure dependence
through the diamonds as does infrared spectroscopy. Thusf the fundamental at approximately 2 GPa are in good
measurements of the CN stretch fundamental mode weragreement with previous measurements, indicating the exis-
made using this techniqué&igs. 1 and 2 However, due to tence of a phase boundary between the low-pressure KCN
the significant decrease in intensity of the first overtone astructure and the high-pressure phase with a distorted CsCl
structure(KCN 1V).1?

Intensity (arb. units)

C. KCN

B. Raman data

4000 4100 4200 4300 4400 Over a pressure range of 0—20 GPa the frequency depen-
P(GPa) | ' ' dence of the first overtone can also be fit by two lines, with
162 a break at~2 GPa(Fig. 3). The fit to the low-pressure(

12.1 <1.5GPa) data has a slope of(32) cm Y/GPa, and the fit

to the high-pressure data {3 <20 GPa) yields 6.0-0.2)

cm YGPa. There is some nonlinearity in the region about 2
iy GPa, as has been noted earlfeithe break in the slope at

J\\ ~2 GPa is consistent with the results obtained on the funda-

5.

mental mode, and with the reported phase transition at this
19 pressuré? Data on the first overtone were collected to a
pressure of 40 GPa and clearly indicate that over this ex-
5 tended pressure range a linear fit is no longer aded&age
3), although a second-order polynomial can be well fit over
2 the extended pressure range. It is possible to interpret the
I L pressure dependence of the data from the first overtone in the
2000 2050w 2130 1 2150 2200 high-pressurg>2 GPa region as being composed of two
ave number (cm’) linear regions, with a discontinuity in the slope-aP0 GPa.
FIG. 2. Representative spectra of NaCN. The bottom axis idf true, this may indicate the occurrence of a transformation
associated with the three lower, Raman spedtradamentalwhile ~ t0 another high-pressure polymorph. Additional structural

the upper axis is associated with the three upper, infrared spect@ata will be needed to establish if there is a transformation at
(first overtone. ~20 GPa.

Intensity (arb. units)




PRB 60

HIGH-PRESSURE BEHAVIOR OF THE ALKAL. ..

981

TABLE I. Mode shifts for the CN stretch frequencies; all units are CHGPa.

Fundamental Second harmonic
This study Previous study This study Previous study
KCN | 7.8(1) 7.22 6P 12(2)
KCN IV (2—-20 GP¥ 3.000.1) 5.6 6.000.2
NaCN | 10.10.6) 10.0
NaCN (>5 GPa 3.2(0.1) 5.1(0.4)
NaCN (New phasg 1.200.1) 1.1(0.1)

8Reference 12.

bAs determined from Fig. 4 of Ref. 13, over a pressure range of 2—5 GPa.

“Assuming a linear fit over this pressure range.
YReference 25.

Treating the CN ion as an anharmonic oscillator and

Surprisingly, the anharmonic offsetvdx,) to the CN

keeping the first two nonzero terms in the Taylor expansiorstretching frequency of KCN | increases with increasing

of the potential energy givés

V=(k/2)r2—(g/3)r3, 1)

wherek andg are positive constants amds the magnitude
of the atomic displacement from its equilibrium position.
The energy(cm™ 1) of the nth harmonic is then given by

)

wherev, is the harmonic frequency and is the anharmo-
nicity constant. The frequency of theh vibration (v,) is

)

For the fundamental and the second harmdfiist over-
tone, this reduces to

E,= Ve[(n+%)_xe(n+%)2]-

va= v (N+3) = Xe(N+3)]— vy

(4)

v1=ve[1—2X], Vo= [2—6X.].

From the pressure dependencies of the fundamental ari%
first overtone of the CN stretch, one can thus determin

veXe, as well asy, andx, separately, as functions of pres-
sure for both phases of KC{¥ig. 4). The low-pressure value
for veXe, 11.2+1) cm tatP=0, is in good agreement with

thoslespreviously reported for KCN | at zero pressure, 11.

cm

{?,\ 15 .////", i
—
" ’ Pressuif(:) (GPa) ? B

pressurgFig. 4). Although a decreasing anharmonic contri-
bution is expected for matter under compressiott, there
has previously been little direct evidence of this expectation
for specific phonon modes. In fact, in the case of hydroxyl
bonds, increased anharmonicity with pressure, due to an in-
crease in the O-H bond length, is to be expected and has
been observet??*Thus, counter to what is expected in most
cases, the C-N bond is becoming more anharmonic with in-
creasing pressure from 0 to 2 GPa. As KCN transforms into
KCN 1V, there is a discontinuity in the anharmonic correc-
tion (Fig. 4). The decrease in the anharmonicity of the CN
bond with pressure, for KCN 1V, is in agreement with what
one would expect for most bonds.
As pressure is increased through the transition from KCN

I to KCN 1V, there is a large decrease in the full width at half
maximum (FWHM) of the infrared bandovertong, from
~35 cm! to under 10 cm!® (Fig. 5. The large, zero-
pressure FWHM is similar to previously reported values and
due to a coupling of the stretching modes with the C-N
tational band&.Previous work has demonstrated that the
ecrease in the FWHM at low temperatures is due to a freez-
ing out of the CN rotation§.We find the same to be true
with increasing pressure. With increasing pressure, the rota-
ional modes become increasingly hindered, and thus con-
ribute less to the broadening of the vibrational mode, as
probed with infrared spectroscopy.
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FIG. 5. The full width at half maximuntFWHM) of the Raman
(squaresand infraredcircles peaks of the CN stretch in KCN as a

FIG. 4. The pressure dependence of the anharmonic correctidiunction of pressure. Closed symbols are on compression; open

(veXe) for the CN potential for the two phases of KCN and NaCN.

symbols on decompression.
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With further compression, there is an increase in the 2150
FWHM to approximately thd®>=0 GPa value. It is difficult
to conclusively determine the cause of the subsequent in-
crease in FWHM of the first overtone. The change in FWHM
observed for KCN IV may be due either to the occurrence of
another phase transition at a pressure between 5-10 GPa or
to increasing nonhydrostaticity. We consider the last expla-
nation to be less plausible since we observed no significant
variation in FWHM among our various experiments, which
were repeated with different degrees of nonhydrostatieisy r 1
quantified by spatial variations in ruby fluorescence spectra 2050 S 10 T Sg Ho0
across the sampleAlthough there is presently no other evi-
dence of a phase transition between 5 and 10 GPg.,
discontinuous changes in the peak positions of either the FIG. 6. The frequency shift of the fundamentahjuares and
fundamental mode or the second harmgnit is possible  diamond$ and first overtondcircles and trianglésstretching CN
that the change in the FWHM may be due to an orderingibration of NaCN as a function of pressure. The squares and
transition, as has been observed in RbCN. Such a transiticsircles are for the low-pressure phase, and the diamonds and tri-
will result in a small, and with our resolution, undetectableangles for the high-pressure phase. Closed symbols are on compres-
shift in the peak position of the CN stretéh. sion; open symbols on decompression. The lines are fits to the data.
In contrast, there is no significant change in the FWHM of
the Raman(fundamentgl mode over this pressure range ~17 GPa the original peaks vanish and the new peaks are all
(Fig. 5. The FWHM has been measured previously, at Othat are observable in both the Raman and infrared spectra,
GPa to be 1.2 cm'. With instrumental resolution of-4  consistent with previous work. Upon decompression the
cm 1, we are not able to measure the FWHM of the Ramaneverse happens, and by approximately 9—10 GPa the new
peak at low pressures and are instead measuring the instrgeaks vanish. A small degree of hysteresis is evid€igt 6).
ment response function. With increasing pressure howevethe pressure dependence of all four of the peaks is given in
the width of the peak increases slightly, to greater than 4rable I.
cm %, and thus is no longer a result only of the resolution of  Because the frequency of the new peak observed by in-
the Raman spectrometer. This is most likely due to the addefitared spectroscopy is approximately twice the frequency of
contribution of pressure inhomogeneity, which will result in the new peak observed by Raman spectroscopy, and because
an inhomogeneous broadening of the peak. both peaks appear and disappear at approximately the same
As just described the pressure dependence of the peajtessure, one may infer that these represent the fundamental
width of the Ramar{fundamentgl mode is markedly differ- mode and first overtone of the same vibration. The new vi-
ent from that of the infrared absorption pedkst overtong¢  brations are clearly due to the C-N stretch, based upon their
(Fig. 5. This has been noted in a previous temperaturdrequencies and the correlation with the C-N vibrations ob-
study® Since the IR absorptioffirst overtong couples to the  served at low pressure.
rotational modes, its FWHM will be strongly dependent OQur results are consistent with there being a pressure-
upon the degree of CN rotation. However, the selection rulgnduced phase transformation atl2 GPa, with the struc-
for the Raman modedv=*1, AJ=0 does not allow for tural rearrangement manifesting itself as a large decrease in
coupling of the rotational bands to the stretching mode. Thishe frequencies of the fundamental mode and first overtbne.
is the reason for the sharp 0 GPa Raman band in contrast to As in the case of the CN vibration in KCN, the spectral
the broadened IR band, and also its insensitivity to the freezdata of NaCN allows one to determine the degree of anhar-

2125[

Frequency (cm'l)

20751 Ja1s0

Pressure (GPa)

ing out of the CN rotations. monicity present in the CN bond in NaCN. Due to the lack of
reliable infrared data on the first overtone, the anharmonicity
D. NaCN constant has not been determined at pressures below 4 GPa

Previous high-pressure studies on NaCN have demorFig. 4. However, extrapolation of the anharmonicity con-

. 71 .
strated that at room temperature there are three phase tran$fant Yield a 0 GPa value ofex, of 8.5+1.5cm = Th'f
tions. at 0.2 GPa. 4 GPa. and at 12.5 GPR22The low disagrees with the previously measured value of 11.3°cm

8 .
pressure transitions are not readily observable in eithefo” O GPa: Thus, although not directly measured, we can

Raman-scattering or infrared-absorption studies due to thgonclude that there must be a change in the anharmonicity
subtle nature of the changes in the spectra across the tran¥lue or slope at the low-pressure phase transitions.
tion. For example, there is less tha 1 cn* discontinuity in The changes in the FWHM of the CN vibration in NaCN

the peak position of the fundamental mode across the 0. with pressure are significantly different from the CN behav-
GPa transformation. ior in KCN having no obvious correlation to phase transfor-

In the present experiments, a second weak peak appears’gftions.
~12 GPa in both the infrared and Raman speckigs. 2
and 6. In th(_a Raman spect.ra,_the new peak is at 29.1%tm IV. CONCLUSION
below the original peak, while in the infrared spectra the new
peak is at 62.2 cmt below the original absorption peak.  The high-pressure behavior of KCN and NaCN has been
With compression beyond 12 GPa, the new peaks increase fserved through Raman and infrared spectroscopy. A large
intensity while the original peaks decrease in intensity. Bydecrease in the FWHM of the infrared band of KCN at low
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pressures can be interpreted as a freezing out of the CNonic correction to the potential energy of the CN stretching

rotations due to compression. While no discontinuities in thevibration.

peak positions of the Raman or infrared bands were observed

beyond 2 GPa, the subsequent increase in the FWHiVILEt

GPa of the infrared mode and the observable break in the ACKNOWLEDGMENTS
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