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INFRARED SPECTRA OF BROMOFORM
AT HIGH PRESSURES

Dana Stanila, W. Smith, and A. Anderson*

Department of Physics, University of Waterloo, Waterloo,
Ontario, N2L 3G1, Canada

ABSTRACT

Infrared spectra in the wavenumber ranges 100-1800 and
2700-4800 cm~! are reported for bromoform samples in diamond
anvil cells at ambient temperature and at pressures up to 10 GPa.
The freezing pressure is estimated to be 0.13 + 0.02 GPa. The
spectra appear to evolve smoothly and no major discontinuities are
detected. The dependence on pressure of eleven peak wavenumbers
(five fundamentals and six combinations) is presented. All modes
show small percentage increases in wavenumber over this pressure
range, except for the degenerate bend, vg, which exhibits a 20%
increase, suggesting that the equilibrium Br-C-Br angles may be
slightly changing with increasing pressure.

Key Words: Infrared spectra; High pressures; Bromoform; Molec-
ular crystals.
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200 STANILA, SMITH, AND ANDERSON

INTRODUCTION

Bromoform, CHBr3, is known to exist in at least three different crystalline
phases (1). At ambient pressures, the liquid freezes at 281 K to form the o-phase,
shown in Figure 1, which is stable down to 268 K. The molecules are dynamically
disordered with their principal axes randomly parallel or anti-parallel to each other.
The average symmetry is represented by the space group P63/m or Céh, with four

z

Figure 1. Crystal Structure of Bromoform: «-Phase. The hexagonal unit cell has two
dynamically disordered molecules, with their principal axes (C—H bonds) randomly parallel
(as shown) or anti-parallel to each other along the crystallographic z-axis. In the ordered B
and y-phases, the two molecules are anti-parallel to one another. Adapted from Ref. 1.

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INC. m
270 Madison Avenue, New York, New York 10016 o



03:12 30 January 2011

Downl oaded At:

ORDER i REPRINTS

INFRARED SPECTRA OF BROMOFORM 201

molecules per unit cell, each with an occupancy of 0.5. Rapid cooling of the liquid
to liquid nitrogen temperatures produces the metastable y-phase, in which the
dynamical disorder has been frozen out. The structure is now described by the
centrosymmetric trigonal space group P3 or C31i. The two molecules in the unit
cell are anti-parallel, and the arrangement can be considered as comprising bilayers
of bromine triangles parallel to the basal plane with hydrogen atoms in the interior.
The stable ordered B-phase is obtained either by an irreversible transition from
the y-phase, by annealing at temperatures above 200 K, or by slow cooling of the
disordered a-phase. The resulting transformation mainly involves a translational
motion of one bilayer relative to its neighbours, with a consequent tilt of the c axis.
The space group is now centrosymmetric triclinic, P1 or C/, and again contains
two anti-parallel molecules.

In addition to a neutron diffraction study (1), these structural phase transitions
have also been investigated by Raman and infrared studies of samples at low
temperatures (2,3). Group theoretical predictions, based on the known structures,
are generally confirmed by the observed spectra. In particular, splittings of some
degenerate modes in the low symmetry B-phase are detected. Theoretical analyses
of the phase transitions have also been reported (4-5).

At ambient temperatures and elevated pressures, bromoform crystallizes and
undergoes two solid state phase transitions, as shown by two independent Raman
studies (6,7). The freezing pressure is reported to be 0.1 GPa® or 0.33 GPa’. Al-
though no direct structural determinations at high pressures have been published,
it was deduced from the Raman spectra that the a-phase is first formed and that this
transforms to the B-phase at 1.0 GPa% or 0.8 GPa’. At higher pressures, quoted
as 4.2 GPa® or 5.15 GPa’ a second transition to the y-phase is postulated, but
with mixed phases, 8 + y, coexisting over an extended pressure range. The pure
y-phase, which is metastable at ambient pressure and low temperature, is thought
to become stable at high pressures. However, the observed spectroscopic changes
are relatively minor, so that the above interpretations, which agree qualitatively
but differ quantitatively, should be regarded as somewhat speculative.

The purpose of the present investigation is to provide confirmation and per-
haps clarification of the conclusions reached from the Raman studies, by obtaining
infrared spectra of bromoform at ambient temperatures and at pressures up to 10
GPa. To the best of our knowledge, no previous infrared spectra of bromoform at
high pressures have been published. Since all three phases are centrosymmetric,
the exclusion rule requires that the infrared active modes are distinct from those
observed in the Raman studies. In particular, changes in the spectra indicative of
phase transformations will be checked, as well as evidence for molecular distortion
or perturbation of electronic states at high pressures. The dependence of normal
mode wavenumbers on pressure will be determined and used to obtain estimates
of changes to principal force constants.
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202 STANILA, SMITH, AND ANDERSON
EXPERIMENTAL DETAILS

Liquid bromoform was supplied by J.T. Baker Chemicals and had a stated
purity of >99%. Samples were loaded into a diamond anvil cell (DAC) of the
piston- cylinder type. This was fitted with type Ila diamonds, which have superior
transmission in the mid-infrared region, and an Inconel gasket. The latter was pre-
indented by the diamonds to give an initial sample thickness of about .025 mm and
then drilled to give a sample diameter of 0.38 mm (volume about 3 x 1073 mm?).
A few grains of ruby powder were added to the sample chamber to allow in situ
measurements of the pressure, using the well-known fluorescence technique (8).

Far-infrared spectra (100-400 cm~') were recorded with an evacuated
Fourier transform spectrometer, equipped with a high pressure mercury lamp as
source, Mylar beam divider and silicon bolometric detector, operating at 4.2 K.
Radiation was focused on to the DAC, mounted next to the window of the bolome-
ter cryostat, by means of an off-axis ellipsoidal mirror. Spectral resolution was
2 cm™!, and transmittance spectra were obtained by ratioing sample and back-
ground transformed interferograms from slow scans, each taking about 15 minutes.
Wavenumber accuracy and resolution performance were checked periodically by
recording the well- documented spectrum of water vapour.

Mid-infrared spectra (400-4800 cm~') were obtained using a rapid scan
FTIR spectrometer, equipped with a potassium bromide beam divider, water-
cooled globar source, air-bearing mirror movement and pyroelectric (DTGS) de-
tector. The instrument was continuously purged to eliminate water vapour and
carbon dioxide. Polished brass coned light-pipes were placed on both sides of
the DAC to increase the transmission through these small area samples. Spec-
tral resolution was again 2 cm~! and transmittance spectra were obtained by
taking the ratio of sample and background transformed interferograms, derived
from 2000 and 1000 co-added rapid scans respectively. Wavenumber accuracy and
resolution performance were checked by recording the spectrum of polystyrene
film.

Ruby fluorescence spectra were excited by the 514.5 nm line of an argon ion
laser operating at powers up to 100 mW, and recorded with a double monochroma-
tor equipped with a cooled photomultiplier detector, coupled to photon counting
electronics. Pressure gradients in the sample, estimated by monitoring the widths
of the ruby peaks, were insignificant except at the highest applied pressures, near
10 GPa. To avoid hysteresis effects, spectra were always recorded after increasing
the pressure by small increments of about 0.5 GPa and allowing equilibrium to
be established. For some spectra, especially for samples at low pressures, interfer-
ence fringes were present. These could usually be reduced by adjusting the DAC
screws asymmetrically to slightly degrade the parallelism of the opposing diamond
faces.
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RESULTS

Infrared spectra of solid bromoform at three selected pressures are shown
in Figure 2. The wavenumbers of eleven peaks (five fundamentals and six com-
binations), which could be unambiguously tracked over the pressure range O to
10 GPa, are plotted as a function of pressure in Figure 3. These have been fitted
to linear curves, the intercepts and slopes of which are listed in Table 1, which
also contains correlation coefficients, percentage wavenumber changes over this
pressure range, and suggested assignments. For the present work, wavenumber
accuracy is estimated to be &1 cm™! and pressure errors should be less than £0.1
GPa except at the highest values where they could approach £0.3 GPa.

DISCUSSION

Bromoform is a symmetric top molecule, with point group Cs,. It has
3 x 5 -6 =9 degrees of internal freedom, which, by standard group theoret-
ical analysis, result in six normal modes of species 3A; + 3E, with all modes
Raman and infrared active. Selected wavenumber values for these modes of iso-
lated molecules have been documented by Shimanouchi (9). In the liquid and «-
phase crystal, the dynamical disorder will give broader and slightly shifted peaks as
aresult of intermolecular perturbations. The spectra of the ordered 8 and y-phases
can be predicted by the correlation method (10) linking the symmetry species of
the free molecule, site and unit cell, as shown in Figure 4. This indicates that in the
y-phase no splittings of any modes (apart from those resulting from isotopic effects
which are known to be very small) should be observed in either Raman or infrared
spectra. In the lower symmetry B-phase, splittings of the degenerate E modes are
predicted and have been observed for samples at low temepratures (2,3). However,
the separations between peaks are small, and at ambient temperature and elevated
pressures, the peaks are significantly broader, and splittings are not likely to be
resolved.

The correlation diagram also predicts two far-infrared librational modes for
the y -phase, with that for the L, mode (hindered rotation about axes perpendicular
to the principal molecular axis) splitting into two components for the B-phase.
Because of the large moments of inertia for the CHBr3; molecule, these librational
modes are at very low waveneumbers (2,3) (<60 cm™!) and could not be observed
in the present study. It was also found that the v3 mode near 220 cm~! was too
broad and weak to be consistently detected at higher pressures.

Our estimate of the freezing pressure of bromoform at ambient temperature,
295 K, obtained by careful measurements of the ruby fluorescence spectrum for
a DAC sample in which solid and crystal co-existed, as viewed in a polarizing
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Figure 2. Infrared Spectra of Solid Bromoform at Three Selected Pressures. (a)
125-250; (b) 500-1500; (c) 2950-3150; (d) 4000-4400 cm™".
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Figure 2. Continued
(continued)

microscope, is 0.13 &= 0.02 GPA, which is in excellent agreement with a previous
estimate (6). The polycrystalline sample usually formed could be converted into
a monocrystal by loosening the DAC screws until a small single crystallite re-
mained, and then slowly tightening them again. Other than occasional cracking
of the monocrystal at higher pressures, no further changes were observed in the
microscope — in other words there is no visual evidence of any solid state phase
transitions. The infrared spectra also appear to evolve smoothly and show no ev-
idence of abrupt changes, and the wavenumber versus pressure curves show no
obvious discontinuities.

It is possible that the extremely thin samples required for these transmission
experiments behave differently than bulk samples, with the solid state phase transi-
tions being inhibited by the increases significance of surface effects. Alternatively,
the changes in the infrared spectra related to these three very similar structures
may be relatively minor and escape detection. It is probably significant that the
peaks which show the largest changes in the Raman studies (6,7) are related to
lattice modes and v3, the symmetric deformation internal mode, none of which
could be detected in this infrared study. We conclude that these infrared spectra
are unfortunately inconclusive in confirming these phase transitions and estab-
lishing the pressures at which they occur. In view of the fact that other simple
molecular crystals have been shown to have different structures at high pressures
than at low temperatures (11,12), and because changes in the observed spectra

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 3. Plots of Peak Wavenumbers versus Pressure for Solid Bromoform. (a)
150-250; (b) 500—1000; (c) 1100-1400; (d) 3000—-4500 cm™!. Lines are labelled 1 to 11
with corresponding slopes and intercepts listed in Table 1.
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Figure 3. Continued
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Table 1. Linear Fits to Wavenumber Versus Pressure Curves

Intercept Slope Change
LineNo* (em™')  (cm~'/GPa) R? Valuef (%) Assignment
1 159.9 3.11 0.92 194 Vg
2 542.3 2.26 0.92 4.2 vy
3 658.0 3.86 0.76 5.9 Vs
4 692.2 3.81 0.73 5.5 vy + Vg
5 739.3 2.41 0.70 3.2 v, 4+ 13
6 875.6 5.54 0.80 6.3 V3 + vs
7 1146.5 1.73 0.96 1.5 Vs
8 1200.7 5.58 0.96 4.6 v 4 Vs
9 1298.5 4.00 0.93 3.1 V4 + Vg
10 3017.6 5.77 0.88 1.9 vy
11 41454 6.65 0.93 1.6 V) 4 14
* See Fig. 3.

T R is correlation coefficient.

are relatively small, we believe that the phase transitions in bromoform require
further study, particularly with X-ray or neutron diffraction techniques, before it
is established that the sequence with increasing pressure is the one proposed on
the basis of Raman studies (6,7), namely liquid > o« - 8 — B +y — ».

The infrared spectra are appreciably richer than their Raman counterparts,
with many second order features being detected, some being surprisingly more

B-phase Symmetry Species y-phase
(Modes)
Activity Unit Cell Site Molecule Site Unit Cell Activity
& C Csv G Csi
A

1
Vi,v,v3,To) \
A > R
R ‘— Ag / A /' 4
V\ A <+ A, / \ Ay —pir

(L)
(v4,V5,V6,Lyys Ty) \

E, —» R
E —> /V e
E, —p1ir

ir<____ A

Figure 4. Correlation Diagram for Solid Bromoform: § and y-phases. v, internal modes;
L: librations; T: translations; R: Raman active; ir: infrared active.
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intense than fundamentals. For example, at all pressures the combination v; + vy
is about four times more intense than the fundamental v;. The percentage changes
in the peak wavenumbers over the pressure range 0 to 10 GPa are generally quite
small, as seen in Table 1, indicating that molecular distortion is relatively minor.
The only exception is the low wavenumber fundamental vg, where the change
is close to 20%. This suggests that the equilibrium Br-C-Br angles may change
slightly, as pressure is increased and the bromine bilayers are forced into closer
proximity.

Work is in progress on the infrared spectra of the related compounds iod-
oform and chloroform at high pressures and will be reported in later papers.

ACKNOWLEDGMENTS
This research was supported by grants from the Natural Sciences and Engi-

neering Research Council of Canada and the University of Waterloo. We express
our thanks to Bruce Torrie and Rohan Jayasundera for helpful discussions.

REFERENCES

—

Myers, R.; Torrie, B.H.; Powell, B.M. J. Chem. Phys. 1983, 79, 1495.
Burgos, E.; Halac, E.B.; Bonadei, H. J. Chem. Phys 1981, 74, 1546.
Andrews, B.; Anderson, A.; Torrie, B.H.; Binbrek, O.S. Chem. Phys. Lett.
1983, 101, 392.

Hatch, D.M.; Stokes, H.T. J. Phys. Condens. Matter 1990, 2, 1121.

Burgos, E.; Halac, E.B. Chem Phys. 1991, 161, 77.

Shimizu, H.; Matsumoto, K. J. Phys. Soc. Japan 1984, 53, 4438.

Zhao, Y.; Luo, H.; Lu, X.; Zou, G. Physica 1986, 139/140, 526

Mao, H.K.; Bell, PM.; Shaner, J.W.; Steinberg, D.J. J. Appl. Phys. 1978, 49,

3276.

9. Shimanouchi, T. Tables of Molecular Vibrational Frequencies, N.B.S. Nat.
Std. Ref. Data Series, Washington, D.C. 1967.

10. Fateley, W.G.; Dollish, FR.; McDevitt, N.T.; Bentley, FF. Infrared and
Raman Selection Rules for Molecular and Lattice Vibrations: The Corre-
lation Method, New York: Wiley Interscience 1972.

11. Allan, D.R.; Clark, S.J.; Brugmans, M.J.P.;; Ackland, G.J.; Vos, W.L. Phys.
Rev. 1998, B58, 809.

12.  Allan, D.R.; Clark, S.J. Phys. Rev. Lett. 1999, §2, 3464.

w N

® Nk

Received June 26, 2000
Accepted November 27, 2000

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INC. ﬂ
270 Madison Avenue, New York, New York 10016 o



Downl oaded At: 03:12 30 January 2011

Request Permission or Order Reprints|nstantly!

Interested in copying and sharing this article? In most cases, U.S. Copyright
Law requires that you get permission from the article’ s rightsholder before
using copyrighted content.

All information and materials found in this article, including but not limited
to text, trademarks, patents, logos, graphics and images (the "Materials"), are
the copyrighted works and other forms of intellectual property of Marcel
Dekker, Inc., or itslicensors. All rights not expressly granted are reserved.

Get permission to lawfully reproduce and distribute the Materials or order
reprints quickly and painlessly. Simply click on the "Request
Permission/Reprints Here" link below and follow the instructions. Visit the
U.S. Copyright Office for information on Fair Use limitations of U.S,
copyright law. Please refer to The Association of American Publishers
(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted,
reposted, resold or distributed by electronic means or otherwise without
permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the
limited right to display the Materials only on your personal computer or
personal wireless device, and to copy and download single copies of such
Materials provided that any copyright, trademark or other notice appearing
on such Materialsis also retained by, displayed, copied or downloaded as
part of the Materials and is not removed or obscured, and provided you do
not edit, modify, alter or enhance the Materials. Please refer to our Website

User Agreement for more details.

Order now!

Reprints of this article can also be ordered at

http://www.dekker.com/servlet/product/DOI/101081SL 100002009


http://www.copyright.gov/fls/fl102.html
http://www.publishers.org/conference/copyguide.cfm
http://www.dekker.com/misc/useragreement.jsp
http://www.dekker.com/misc/useragreement.jsp
http://s100.copyright.com/AppDispatchServlet?authorPreorderIndicator=N&pdfSource=Dekker&publication=SL&title=INFRARED+SPECTRA+OF+BROMOFORM+AT+HIGH+PRESSURES&offerIDValue=18&volumeNum=34&startPage=199&isn=0038-7010&chapterNum=&publicationDate=03%2F21%2F2001&endPage=210&contentID=10.1081%2FSL-100002009&issueNum=2&colorPagesNum=0&pdfStampDate=07%2F28%2F2003+11%3A28%3A28&publisherName=dekker&orderBeanReset=true&author=Dana+Stanila%2C+W.+Smith%2C+A.+Anderson&mac=kTdcM%nJ5fWK$8GakQ1xjA--

