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High-pressure Induced Conformational and Phase Transformations of 1,2-Dichloroethane
Probed by Raman Spectroscopy

Robert J. Sabharwal, Yining Huang, and Yang Song*
Department of Chemistry, The Umirsity of Western Ontario, London, Ontario N6A 5B7, Canada

Receied: December 2, 2006; In Final Form: March 19, 2007

1,2-Dichloroethane (DCE) was loaded into diamond anvil cells and compressed up to 30 GPa at room
temperature. Pressure-induced transformations were probed using Raman spectroscopy. At pressures below
0.6 GPa, fluid DCE exists in two conformations, gauche and trans in equilibrium, which is shifted to gauche
on compression. DCE transforms to a solid phase with exclusive trans conformation upon further compression.
All the characteristic Raman shifts remain constant in fluid phase and move to higher frequencies in the solid
phase with increasing pressure. At abottt4GPa, DCE transforms from a possible disordered phase into a
crystalline phase as evidenced by the observation of several lattice modes and peak narrowiryG&te8
dramatic changes in Raman patterns of DCE were observed. The splitting of-the €l bending mode at

325 cml, together with the observation of inactive internal mode at 684'am well as new lattice modes
indicates another pressure-induced phase transformation. All Raman modes exhibit significant changes in
pressure dependence at the transformation pressure. The new phase remains crystalline, but likely with a
lower symmetry. The observed transformations are reversible in the entire pressure region upon decompression.

I. Introduction cl cl
. . . . H cl H\(, ‘\y/’/ H
Pressure-induced phase transitions, chemical reactions as well (S
as formation of novel structures have received increasing H H Hﬁ\n/’\ H
attention!2 As one of the fundamental thermodynamic param- H al
eters, pressure plays a significant role in regulating the total cauche rans

energies of highly compressible molecular solids by changing rigyre 1. Newman projections of two conformers of DCE.
the inter- and intramolecular distances. At elevated pressures,

structural and chemical stabilities can be completely altered and )

thus a wide variety of transformations are often induced. Among @1d gauche conformers with respectig and C, symmetry,
these transformations, pressure mediated conformational equi-Put Only as trans conformer in the solid phase. Out of a total of
librium is of particular interest because the reactivity of many 18 vibrational modes for trans conformer, 9 modesy(6/3B;)
organic reagents, product yields, and even reaction pathwaysd'® Raman active and 9 modes (4A 5By) IR active, while

are strongly correlated with molecular conformations. Halogen &/l modes are both Raman and IR active for gauche confotmer.
substituted ethane on the two carbon atoms represent a class of "€ active Raman and IR modes for DCE in difference phases

simplest organic molecules that exhibit conformational informa- €Xhibit different characteristic frequencies and have been
tion, i.e., trans versus gauche, depending on the relative Un@mbiguously assignédTherefore, Raman and IR spectro-

orientations of the halogens attached to the two carbons. A SCOPY can be used for quantitative conformational analysis
model molecule, 1,2-dichloroethane (DCE), the two conforma- 0 PCE. For instance, IR measurements together with ab
tions of which are shown in Figure 1, for example, has been initio calculaﬂons reported by Georgieva et®ahdicates that

studied extensively at ambient conditions and low-pressure 98s€ous DCE is composed of 80% trans and 20% gauche

regime by various means including vibrational spectroscopy and ¢onformers. _ o
X-ray diffraction3-° With recent advances in the static high- DCE has also been studied under pressures using vibrational

pressure technique and associated characterization probes, suciPeCtroscopy previously. For example, the Whalley group
molecules can be now studied far beyond theTPregion repqr_te(_jaserles of stuglles Qf pressure effects on conformatlonal
previously accessibi®. Diamond anvil cells (DAC) have been ~ €quilibrium °f77DCE_ in d_n‘fer%nt solvents with different
widely used as a fundamental apparatus to achieve static highoncentrations.” Taniguchi et af reported a Raman study of
pressures in a broad temperature range. Vibrational spectros:PCE in n-hexane solutions at pressures up to 0.5 GPa at room
copy, including Raman and Fourier transform infrared (FTIR) temperature. The ratio of integrated intensities of characteristic
spectroscopy, provides sensitive probes for in situ structural ©—C! strétching modes of gauche- versus trans-DCE was
characterization of materials loaded into DAE:13 monitored as a function of pressure. The gauche population is
Conformational study of DCE has been well documented at found to increase with pressure associated with a negative
ambient conditions both experimentally and theoreticaft. change of conformational volume. Quantitative analysis of the

In gaseous and fluid phases, DCE exists as a mixture of transvolume change established the contributions from the change
of CI-C—C—Cl dihedral angle, molecular packing efficiency,

* Corresponding author. E-mail: yang.song@uwo.ca. Phone: (519)661- &S Well as volume change_ of_the solvent. More recently_, McClain
2111 ext. 86310. Fax: (519)661-3022. et all* conducted a quantitative thermodynamic analysis of DCE
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TABLE 1: Summary of High-Pressure Studies of 1,2-Dichloroethane

method P-T range conditions phases ref
Raman 0.5 GPa, room-T in hexane and other solvent trans, gauche Taniguchi, et al.
Raman, IR 1.5 GPa, room-T in hexane solvent trans, gauche Takaya et al.
Raman 2.5GPa, 29873 K in diethyl ether solvent trans, gauche McClain étal.
IR 3.6 GPa, room-T in 2-methylbutane solvent trans, gauche Ikawa’ et al.
X-ray Diffraction 1.5GPa, 177 and 280 K single-crystal in situ o-,3-phases, a new polymorph Bujak efal.
Raman 30 GPa, room-T pure substance trans, gauche, three solid phases this work

in diethyl ether solution at different temperatures and pressuresto the understanding of high-pressure structures of solid DCE
up to 2.5 GPa. Beyond that pressure, lkawa éil@aded DCE and thus provide useful information of its stability, reactivity
into a DAC with 2-methylbutane as solvent. The system was and other important thermodynamic properties.
compressed up to 3.6 GPa at room temperature and probed by )
IR spectroscopy. In the low-pressure rang® 6 GPa), trans Il. Experimental
gauche transformation was monitored by the relative IR  Pure 1,2-dichloroethane (99%) was purchased from Aldrich
intensities of the €CI stretching mode. The pressure effect and used without further purification. Two types of DAC were
on the transformation was found consistent with previous Ramanused. A P-type lever-arm DAC from High-pressure Diamond
measurement even in a different solution. However, in the Optics Inc. equipped with type | diamonds with culet size of
pressure range of 0-8 GPa, the relative population of the trans 650um was used in the low-pressure region. With this DAC,
and gauche conformers remains constant. With different con- predrilled stainless steel gaskets with a hole of diameter of 250
centrations of DCE in 2-methylbutane, trargauche equilib- um were used for the study up to 4 GPa. This type of DAC
rium exhibits almost identical response to pressure, all reachingallows accurate control of pressure and fine increments in the
a maximum gauche/trans ratio at 0.5 GPa. This suggests thatow-pressure region. Another symmetric piston-cylinder type
Cl—-C—C—Cl dihedral angle of DCE decreases with pressure of DAC equipped with 40&:m culet diamond anvils was used
only below 0.5 GPa, but remains fairly constant above to achieve pressures up to 30 GPa. A few ruby™Gloped
that pressure. Instead, the-6T—C angle increases due to the o-Al;0s) chips as pressure calibrant were carefully placed inside
CI—CI repulsion at constant dihedral angle with increasing the gasket sample chamber before the sample was loaded. The
pressure. pressure was determined from the well-known pressure shift of
In addition to vibrational spectroscopy, the structures of DCE the R ruby fluorescence line (at 694.2 nm under ambient
were also characterized by extensive X-ray diffraction measure- conditions) with an accuracy of0.05 GPa under quasi-
ments. The Lipscomb group reported the first crystal structure hydrostatic condition$® For the entire pressure region, ruby
of DCE using single-crystal diffraction at 223 K and near fluorescence spectra obtained on different ruby chips across the
ambient pressures (0.1 MP®&).Later on, the same group sample chamber indicate no significant pressure gradient and
reported another low-temperature phase at 133tke structure the spectral profile suggests good hydrostatic behavior, espe-
of which was re-determined by Boese etlalat a similar cially in the low-pressure region (e.gs,0.6 GPa).
temperature of 110 K. As mentioned, DCE takes the trans A commercial Renishaw Raman spectrometer (Model 2000)
conformation exclusively in solid phase below its melting point was used for pressure determination and Raman measurements.
at 238 K at ambient pressure. The two observed solid phasesThis model is a compact laser Raman microprobe capable of
were documented as disordered high-temperatypdase and both spectroscopy and imaging. A HeNe laser (632.8 nm) was
ordered low-temperaturg-phase. Thex — S transformation used as the excitation source with average power of several
temperature was determined to be 177 K at ambient pressuremilliwatts on the sample. A Leica microscope with objective
Both phases are monoclinic with space groupP&i/c and lenses of multiple magnifications together with other Raman
slightly different unit cell parameters, but both with two optics enables measurements in a back-scattering geometry. An
molecules per unit cell. More recently, Bujak et’akeported edge filter is installed to remove the Rayleigh and anti-Stokes
an X-ray diffraction study of single-crystal DCE high pressures lines enabling a measurable spectral range above 128 dine
and room temperature where the structures of DCE are refinedspectrometer is further equipped with an imaging spectrograph
and a new pressure-induced polymorph was observed. and a sensitive thermoelectronically cooled CCD detector
Despite the numerous previous studies of structures of DCE, allowing a spectral resolution of 1 crh Spectral calibration
the spectroscopic study has only been conducted in solutions,of the Raman spectrum was realized using silicon and diamond
and all previous studies are limited in the low-pressure region standards achieving an accuracy-6f0.5 cntl. Due to the
(<4 GPa) as summarized in Table 1. In the low-pressure region, strong g mode of the type | diamond Raman signal at 1334
pressure effect on pure DCE should be of particular interest in cm™1, the spectra were collected in the ranges of-10800
terms of the relative population of the two conformers. In high- and 2606-3200 cnt!. These spectral ranges covered almost
pressure region beyond 4 GPa, pressure effect on the structureall the Raman active modes of DCE, except the,@lgging
of DCE remains completely unknown. In this study, we take mode {16 at 1318 cnt) and a CH bending modes(; at 1454
the advantage of DAC techniques with Raman microspectro- cm™1), which played a minor role in characterizing structural
scopic probe to investigate the structures and transformationstransformations of DCE.
of DCE in the pressure region up to 30 GPa, far beyond the The samples were loaded at room temperature as liquid with
previously achievable pressures. New phases of solid DCE cannominal pressure slightly above ambient. Then the cell was
be unambiguously identified from Raman patterns by analysis carefully pressurized with small steps and allowed to stabilize
of pressure evolution of vibrational frequencies as well as the for a few minutes after each pressure change before Raman
band profiles. The possible structures of the new phases arespectra were taken. Pressure effects on DCE were examined
studied in combination with previous X-ray diffraction measure- both in the compression and decompression directions. Experi-
ment. Finally, the reversibility of the transformations was ments were conducted up to 30 GPa and reproduced for a few
examined by decompression. These new observations contributgimes.
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s involving CH, motion, such as/7, vio, and vi13-16, provide
| supplemental information about conformational equilibriums.
i x 112 With increasing pressure up to 0.5 GPa, equilibrium is shifted
= IIIII ) e 11| from trans to gauche as evidenced by the increasing intensity
g ~ (S SN & T T of the vg mode prominently with pressure (see Figure 6 for
I I | il 2-7“'& JUOAL details). This observation is consistent with previous high-
& | '_'n UL T .'ﬂ'- pressure Raman and IR study on DCE, in which Taniguchi et
IS | DG o IR - I al® showed that in solutions of hexane, 2-methylbutane and
z [ bt 0.50 fi acetonitrile, the concentration of gauche conformer of DCE
3 | [t I \, . .
=D P N O | R | S, SR N O o T increases with pressure up to 0.5 GPa. The current study,
il S 0.19 however, indicates for the first time that the conformation
. | " I equilibrium of pure DCE exhibits similar pressure effect.
el I 0.06GPa |\ Quantitative analysis is discussed below.
4 e A e When pressure is increased to 0.6 GPa, all the characteristic
Yo e Nl Mgy Mg Ve Nuls), T il Raman modes associated with h f ially th
e L gauche conformer especially the
200 400 600 800 1000 1200 3000 3100 prominentvg and v;7 C—CI stretching mode suddenly disap-
Raman Shift ccm™) peared, indicating DCE is in the trans conformation exclusively
at this pressure. This abrupt change is in contrast with the trend
x?o X1/2 of increasing gauche concentration with pressure below 0.5 GPa.
1 (b) f 550 We ascribe t_hls dlsco_ntlnwty to the aC(_:ompanled ph_ase transi-
g R e s tion from fluid to solid. The observation of exclusive trans

conformation in solid DCE induced by high pressure is
consistent with previous low temperature stddyowever, the
pressure effect on pure DCE is in strong contrast to the previous
Raman and infrared spectroscopic study on DCE in solutions
at pressures up to 3.6 GPa. For example, Ikawa’at@hducted
room-temperature IR measurements of DCE with a concentra-
tion of 1.7% v/v in solutions of 2-methylbutane. Instead of
transformation to 100% trans conformation as solid at 0.6 GPa,
DCE remains soluble up to 3.6 GPa and is composed of both
trans and gauche conformers. If pure DCE remains fluid at high
pressures, the concentration of gauche conformer would have
continued to increase with increasing pressure until it reaches
100%. Previous study indicated that dihedral angle efCt
C—CI changes at a rate 0f0.2°/GPa, at which the gauche
conformation will become a strict cis (eclipsed) conformation
at 1.5 GPa by extrapolatidhlt would be therefore interesting
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Figure 2. Selective Raman spectra of 1,2-dichloroethane on compres- ; n t a new experiment where pr iz re DCE i
sion in the pressure region of (a}8.0 and (b) 5.729.2 GPa in the 0 conduct a new experime ere pressurized pure DCE is

spectral range of 1201300 and 29063100 cnT™. The assignments maintained ina fluid.phase all the time using a heated DAC to

of Raman active modes are labeled below for gauche (a) and trans (b)lustify the extrapolation.

conformations. Due to the intense Raman mode®goénd vy7 for As DCE is further compressed beyond 0.6 GPa, all the nine

gauche ands for trans conformers, the spectra are rescaled by 1/2 of Raman active modes of trans conformer exhibit pressure-induced

the original intensity in the spectral region of 66800 cnT. The ; ; ; ; :
Raman intensity in the spectral region of 6560 cm® above 8.2 shift to higher frequencies. At 5.7 GPa, prominent changes in

GPa is zoomed 50 times in order to see the new mode (b). The relativethe lattice region are observed. As shown in Figure 2(b), two
intensities are normalized and thus are directly comparable. The N€W modes at 136 and 188 chare suddenly resolved, although
pressures in GPa are labeled for each spectrum. The spectra are offsetll internal vibration modes evolve smoothly with pressure. More
vertically for clarity. lattice modes could have been observed below 120 ¢hthe
cutoff spectral region of the edge filter were lower than that.
The observation of sharp lattice modes indicates a transformation
into a crystalline phase from a possible disordered structure or
A. Raman Spectra of DCE on CompressionRaman spectra ~ a@morphous polymorph reported in a high-pressure X-ray dif-
of DCE at selected pressures are depicted in Figure 2. Thefraction measuremeﬁﬂ;he nature of which is discussed below.
bottom spectrum of Figure 2a was obtained at near-ambientMore dramatic change of Raman patterns are observed at 8.2
pressure corresponding to liquid phase. Room-temperature fluidGPa. Not only is a third lattice mode at 176 thobserved,
DCE is composed of a mixture of trans and gauche conformers. but theve C—C—Cl bending mode around 325 cistarts to
As can be seen, all Raman active modes are observed at nearSPlit into a doublet. Concurrently, the Raman peak€—Cl
ambient pressure except for the region of strong diamogd T Stretching mode is much weaker and broader. All these
mode, in excellent agreement with previous studiigsr clarity observations indicate the pressure-induced formation of a new
purposes, the Raman active modes only associated with gauch®hase. When pressure continues to increase all the way up to
conformer are labeled in Figure 2(a) while those associated with@round 30 GPa, no further prominent changes in the Raman
the trans conformer are labeled in Figure 2b. Of these modes,Pattern are observed except the intensity is weaker.

I1l. Results and Discussion

vg and vig at 263 and 412 cm(C—C—CI bending) together
with vg andvy7 at 655 and 674 cm(C—Cl stretching) are most

B. Raman Spectra of DCE on DecompressiorReversibility
of the pressure effect on structural transformation provides

distinctive as these modes involve chlorine atoms. Other modesimportant information about the transformation mechanism.
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Figure 3. Selective Raman spectra of 1,2-dichloroethane on decom- 200 ; W j Lattice
pression from around 30 GPa all the way down to ambient pressure. ] O 8 et moties
Due to the intense s Raman mode of diamond anvils, the spectra aollliloE e o s Bolias 50
were truncated above 1300 cinThe spectra are offset vertically for Pressure (GPa)

clarity. The relative intensities are normalized and thus are directly

comparable. The dashed arrow indicates the experimental sequence fofigure 4. Raman shift of 1,2-dichloroethane with pressure on
decompression. compression. Different symbols denote Raman modes with different

origins. Open and closed symbols denotes trans and gauche conformers
) ) o of 1,2-dichloroethan respectively. The solid lines crossing the open

Therefore, we investigated the reversibility of the pressure symhols are for eye guidance. The vertical dashed lines denote proposed
induced transformations of DCE in the entire pressure region. phase boundaries. The transition at about 5 GPa is not labeled. The
Figure 3 depicts the Raman spectra of DCE on decompressionassignments are labeled for each Raman active modex:¥ heode is
from the highest pressure of 29.2 GPa all the way down to nearParenthesized because it is not a Raman active mode under trans
ambient pressure. Opposite to compression, all the RamanSYMMety (see text).
frequencies shift to low energies. As a result, the prominent
Iattice mOde at 142 Cl’ﬁ' at 292 GPa ShlftS to OUtSide the TABLE 2: Pressure Dependence of Raman Shifts of
detectable region below 120 cthbelow 20.3 GPa due to the  1,2-Dichloroethane
use of an edge filter. All the other Raman modes exhibit (dvidP); (cm YGPa)
reversible pressure responses on decompression all the way
down to 0.6 GPa, including the appearance of the lattice modes
merging of the doublet of¢ C—C—CI bending mode, as well

frequency at
’ Raman mode ambient-P (cm?) 0.5-8 GPa 9-30 GPa

as the narrowing of all peak widths and enhanced peak heights. ¥ 28(5)3 2'(7) i;
When the pressure is further released from 0.6 to 0.2 GPa, new :ﬁ; 1261 26 0.2
Raman active modes associated with gauche conformation of ,, 1054 3.7 1.6
DCE are observed, indicating the transformation between trans vy3 988 2.4 0.5
and gauche conformation is completely reversible. The decom- v.# 684 0.5
pression experiment was repeated starting from different highest "5 755 3.2 17
pressures and all yielded reproducible phase transformations *® 302 38 01é3
consistent with those upon compression. lattice modes 13.4 32
C. Pressure Effect on Raman Modes of DCEFigure 4 2.1
depicts the Raman shifts as a function of pressure on compres- 117 5.2
sion from near ambient pressure up to around 30 GPa in the 0.9

Spectral range of both lattice and internal vibrational regions. a A new mode at 692 cmt with very weak intensity was observed
Out of nine Raman active vibrational modes, seven are plotted starting 9 GPa on compression. If extrapolated to ambient pressure,

except thess (CH2 wagging) and, (CHz bending) modes which  this mode (684 crm) is in the close vicinity ofv;; mode (677 cm')
overlap with T,y mode of diamond. The pressure dependence for the gauche conformer.

of these modes is listed in Table 2. As can be seen, no

appreciable pressure induced frequency shift is observed for anythese two modes while the rates become much smaller (2.3 and
Raman mode in the low-pressure region of@M5 GPa. 1.7 cnTYGPa, respectively) above 9 GPa. In contrast,ithe
Therefore, pressure only affects the equilibrium between gauche(CH, twisting) mode exhibits very small pressure rate of only
and trans conformers in the fluid DCE. All Raman active modes 1.2 cnTY/GPa below 8 Gpa, and no appreciable pressure induced
exhibit significant pressure-induced shift to higher frequencies shift is observed in a broad pressure region-680 GPa. Other
when DCE becomes solid above 0.6 GPa, but to different extentmodes, such a& (C—C stretching)y13 (CH, rocking), andvs
which provides critical information about phase transformations. (C—CI stretching) all exhibit a distinctive change of pressure
In the high-frequency region, both the antisymmetrig) and dependence at8 GPa again. An intriguing observation is that
symmetric ¢;) C—H stretching modes (3003 and 2959 Tm a Raman mode at 684 crhbecomes significantly enhanced at
respectively at ambient pressures) display distinctively different 8.18 GPa as shown in the zoomed spectra (Figure 2b). The
rates around 89 GPa. Below the transition pressure, large change of Raman intensities provides additional evidence for a
pressure shift rates of 8.7 and 6.0 GPa are observed for  possible pressure-induced phase transformation as a result of
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Pressure (GPa) Figure 6. Selective Raman spectra of 1,2-dichloroethane in the zoomed

Figure 5. Full-width-at-half-maximum (fwhm) of three representative ~SPectra region of 606800 cn1in fluid phase. The inset is the plot of
Raman modes, vs, andv) as a function of pressure for solid phases 0garithm of relative intensities of the first two peaks over the third

of 1,2-dichloroethane. The solid curves and lines across the symbolsPeak as a function of pressure (see text).

are for eye guidance. The dashed line denotes the proposed phase

boundaries. and continue to 30 GPa almost linearly. These changes provide
] i o ) . further evidence of phase transformations-ab45Pa and 89
increasing vibrational coupling. As a non-Raman active mode Gpg, highly consistent with those determined by examining the
for trans geometry, this mode may have similar origin to the ghift rate of Raman frequency with pressure. Although all
v17 (C—Cl stretching) mode of both trans and gauche conformers yiprational modes in the entire pressure region between 0.6 and
(709 and 677 cm'). The most prominent change is observed g2 Gpa exhibits a smooth evolution, the pressure dependence

for the vs (C—C—CI bending) mode which exhibits a striking  of peak widths provides unambiguous evidence for the first
splitting above 8.2 GPa. All these features clearly indicate a {ransition at 4-5 GPa.

phase transformation around this pressure, which are discussed

in detail next. . D. Discussion

Transformation can be further evidenced by the pressure ]
behavior of lattice modes. Previous IdhRaman study of solid Raman measurements at low pressure8.§ GPa) yielded
DCE revealed that all lattice modes are below 120 §rthe consistent information of pressure effect on tragauche

detection limit of the current Raman spectrometer due to the equilibrium of DCE with previous Raman and IR studies of
use of an edge filter. Nonethe|ess’ as pressure will typ|ca||y DCE in different solvent8.’ Quantitative analysis of relative
induce blue shift, these lattice modes will be observed at higher Raman intensities characteristic of two conformers showed that
frequencies upon Compression if they exist. Then by extrap0|a_ DCE exhibits both solvent- and Concentration-dependent trans-
tion to ambient pressure, the lattice modes can be identified formation volumes from trans to gauche. Accordingly, similar
with assignment if they evolve from lattice structures at low- analysis can be carried out in this first study on pure DCE at
temperature and ambient pressure. However, the extrapolatedligh pressures. Figure 6 shows the selective zoomed Raman
values of these modes give near zero or negative values usingsPectra in the spectral region of 62800 cnt* where three
either linear or quadratic functions, indicating these modes havecharacteristic peaks associated with two conformers (655 and
completely different origins than the previously reported values 675 cnT* for gauche and 765 cm for trans) are observed.
of 117, 79, 73 and 55 cm, which were assigned as the rotatory Clearly, with increasing pressure, the relative intensity of gauche
lattice vibrations. The observation of these new lattice modes Versus trans increased markedly, indicating the equilibrium is
indicates that the crystal structure at high pressures and roomshifted to gauche. The transformation volume can be calculated
temperature is different than that at the ambient pressure andvia the equilibrium constant using the following relationship:
low-temperature conditions. Further, these lattice modes provide
consistent information about phase transformations at around (3 In K) — _ AV 1)
8—9 GPa, similar to the internal vibrational modes. oP |1 RT

Pressure induced transformations are observed in many
molecular crystals. An important piece of information to whereK is the equilibrium constant, which can be calculated
understand the structures of each of the new phases formed aas (655 + l675)/1765 With I, being the peak intensity at the given
high pressures can be obtained from the widths of the frequencyw, AV the transformation volumé& the gas constant,
characteristic peaks. Figure 5 depicts the widths of selectedandP and T the pressure and temperature. From the inset of
Raman modes as a function of pressure in the region of 0.5 toFigure 6, linear regression of IK versus pressure at room
30 GPa.r; (CH, symmetric stretching)y, (C—C stretching) temperature yields the transformation volume of 0458.10
andvs (C—Cl stretching), which were observed at 2959, 1054 cmé/mol. This value is significantly smaller than those for the
and 755 cm'at ambient pressure, are selected because theseDCE in different solvents with different concentrations deter-
modes exhibit the most prominent pressure-induced width mined in previous studies, ranging from 1.8 to 4.5%nol$
broadening. Interestingly, these modes display turn-around but is consistent with that reported by McClig~1 A3 or 0.6
behavior with pressure, i.e., their width first decrease until cm®mol). These observations confirm that properties of solvent
around 5 GPa, then increase until about 9 GPa. All the three significantly altered the transformation volume between two
modes exhibit a sudden increase in peak width at that pressureconformers, while the difference in intrinsic volumes of the two
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conformers is much smaller in pure fluid DCE and is strongly structure becomes ordered at high presstir&n the basis of
modulated by pressures. the spectroscopic measurements where no abrupt changes were
Solid DCE revealed intriguing pressure behavior which observed upon CompI'ESSiOI'l, the structure of this ordered phase
enables the identification of three new phases at86GGPa  0f DCE may be similar to those ef- andf-phases to remain
based on the above analysis. Previous single-crystal X-ray@ monoclinicP2,/c symmetry. However, as the lattice modes
diffraction also identified two phases at ambient pressure and Of the current phase do not correspond to the low-temperature
low temperature& which were labeled Orderﬁd phase ﬂ-phase, detailed atomic orientations may be different, which
(<177 K) and disordered. phase (177238 K)151619 The could even result in a different (sub)space group. Of course,

primary difference between the two phases is that-t,— unambiguous interpretation of the ordered structure would
groups showing near free rotations or orientational disorder require X-ray diffraction measurement.
approximately along the €IC—C—Cl axis at higher temper- Between 5 and 8 GPa, smooth evolution of all Raman active

ature become completely frozen and thus ordered in the low- modes with pressure indicates a single ordered phase of DCE
temperature phase. More recently, a high-pressure X-rayin this pressure region. Beyond 9 GPa, significant changes in
diffraction study of single-crystal DCE by Bujak et%hdicated the slopes of Raman shifts versus pressure (Figure 4) as well
that the low-temperature phases are correlated with high-pressures the abrupt changes of the peak widthg:p#s, andv, modes
phases. The crystal structure of DCE was refined at 0.7 GPa(Figure 5) indicate a phase transition. Starting from this pressure,
and near room temperature, which yielded consistent parametersiot only all the lattice modes become much weaker, but all the
with the disordered structure ofphase. It was found that the  external vibrational modes exhibit a significant peak broadening.
disorder involves the ethylene group CH,—CH,—) in two Two prominent new features signify the formation of a new
sites with equal occupancies, such that one rotated by tt80  phase: (1) the splitting of thes mode and (2) the appearance
the other along the primary Cl...Cl axis. The comparison of the of a new mode at 692 cm (Figure 2b, Figure 4 and Table 2),
high-pressuren-phase and low-temperatufkephase suggests a non-Raman active mode for the trans conformer. All these
that order-disorder transition is governed by the competition observations suggest the stronger interactions among DCE due
of the nonbonding GHCl interactions with the ethylene rota- to the shorter intermolecular distance upon compression. The
tions. Although it was further found DCE may form a new origin of splitting of Raman modes is highly likely associated
polymorph with a possible amorphous structure when com- with correlation field effect due to the pressure induced dipole
pressed to about 1.5 GPa due to the non-homogeneous straindipole interaction of neighboring molecules within the unit cell.
the current Raman measurements do not show correspondingds a result, the molecular symmetry or the cell symmetry is
spectroscopic features that allows the identification of a sharp lowered such that new Raman modes are now active and
phase boundary at this pressure. Nonetheless, the lack of sharpbserved. The pressure induced lower symmetry with peak
lattice modes together with the broad profile of; (CH; splittings and appearance of new peaks has been observed in
rocking) andvy (C—H symmetric stretching) modes at pressures other simple molecular crystals befdfe.
between 0.5 and 5 GPa is consistent with a disordered or In contrast to solid phases below 8 GPa, the changes of the
amorphous phase. The nature of this phase can be considereRaman patterns with pressure above 9 GPa is more gradual.
as a transitional region that connects two crystalline phases.Less steep shift rates are observed for most Raman modes
Therefore, the current Raman measurements, when combinedncluding both the vibrational and the lattice modes (Figure 4
with previous Raman and the single-crystal X-ray diffraction and Table 2). Furthermore, abrupt changes of peak widths versus
study, indicate the amorphous polymorph may be extended topressure of the three selected Raman modes to much less steep
around 5 GPa. are observed at 9 GPa. The change of slopes of Raman shifts
At around 5 GPa, the DCE undergoes an intriguing opposite Versus pressure as well as peak widths indicates the solid DCE
transformation, i.e., from a possible amorphous polymorph to at above 9 GPa is less compressible than below. In this pressure
a crystalline phase as evidenced by the appearance of two shargegion, intensities of all the Raman modes are significantly
rotatory lattice modes at 136 and 188 ¢mFurthermore, the depleted. In addition, the bandwidths of major Raman modes,
peak widths of three representative vibrational modesi(, such asvs (C—ClI stretching) andn3 (CH; rocking), exhibit
andv,) all exhibit pressure induced narrowing. These features Substantial broadening. More significantly, no sharp lattice
indicate that DCE is transforming into a crystalline phase with feature but only one broad band can be observed all the way to
most ordered structure at round 5 GPa (Figure 5). In the 29 GPa. Peak broadening could be due to pressure gradient with
disorderedx-phase, the shortest intermolecular distance betweenincreasing pressures especially when no pressure media were
chlorine atoms is 3.587 A, significantly longer than that in the used. However, the reasonably well separatedml R lines
orderedg-phase (3.387 A). This distance jirphase is also of ruby fluorescence at the highest pressure together with
significantly shorter than the sum of van der Waals radii of CI multiple measurements on different areas of the sample indicate
atoms, suggesting that specific interactions exist between DCEpressure gradient played a minor role in peak broadening.
molecules plays a critical role in packing mode and molecular Furthermore, the decompression experiments established that
association to form the ordered crystalline phase. Since pressuréll pressure-induced transformations in DCE are entirely revers-
can significantly reduce the intermolecular distance, it is ible. The recovered Raman spectra indicate that DCE maintains
therefore plausible to conclude that the pressure is high enoughits chemical identity even at highest pressures which rules out
to bring neighboring DCE molecules close to each other at about Pressure-induced decomposition. All these observations indicate
5 GPa, such that the intermolecular-@I distance becomes that with increasing pressure, the ordered crystalline structure
comparable with that in the orderg8tphase. Under such ~may undergo a gradual transformation with increasing degree
conditions, the free rotation of CH,— group is suppressed by  of disorder and likely, an amorphization. Again, the detailed
high pressure. The pressure-induced ordering as a result of freez@ressure-induced structural information needs to be confirmed
of rotation has been observed in other systems. For example Py X-ray diffraction.
high pressure study of nitrosonium nitrate (NOfj@dicates Conformational and phase transformations of all halogen
that the NO group is freely rotating at low pressures but the substituted ethane are of fundamental interests and have been



Transformations of 1,2-Dichloroethane J. Phys. Chem. B, Vol. 111, No. 25, 2007273

extensively studied by Raman, IR spectroscopy and theoreticalThe low-pressure solid DCE is likely a disordered or amorphous
calculationg-22 The study of structures of DCE in the context phase due to the lack of lattice vibrations, consistent with
with other halogen substituted 1,2-dihalogenethane(DHE) there-previous study by single-crystal X-ray diffraction. When DCE
fore provides important insight in the systematic understanding is further compressed, it becomes ordered crystalline phase
of structures and transformations of all DHE. In fluid phase, characterized by new lattice modes at 5 GPa. Beyond 9 GPa,
all the DHE exist as a mixture of trans and gauche conformers, DCE exhibits a phase transformation evidenced by the splitting
but with different relative abundance. From 1,2-difluoroethane of degenerate Raman modes as well as new lattice mode. The
(DFE) to 1,2-diiodoethane (DIE), the gachue to trans ratio high-pressure phase is likely a crystalline phase but with lower
decreases from 96%:4% to 12%:88% at ambient conditions. symmetry than the low-pressure phase. This phase becomes
Solid DFE crystallizes into two phases both with gauche more disordered with significant peak broadening when further
conformation. The first phase formed at 158 K is monoclinic compressed up to 30 GPa. Both pressure-induced conformational
C2/c while second phase formed at slight lower temperature and phase transformations are completely reversible upon
(128 K) has an orthorhombic space groep2:2;, both with decompression. The structures of DCE are examined in com-
four molecules per cell and-FC—C—F dihedral angle close to  parison with other halogen substituted ethane. Further spectro-
68°.23 Apparently, the ambient structure of DCE is significantly scopic and X-ray diffraction measurements are necessary to
different than DFE for which the high-pressure phases are still yield unambiguous structural information for DCE at high
totally unexplored yet. In contrast, DIE crystallizes in a similar pressures.

unit cell to DCE with only a slightly different monoclinic space
group ofP2,/n.23 In this structure, the two neighboring iodine

atoms with short distances are strongly interacted to form an 4 grface Science Western for her assistance with the Raman
ordered structure similar to the low-temperajfiighase of DCE. g4 mentation. This work is supported by the research grants
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up to 12 GPa at room temperature. With exactly the same

Raman active modes, high-pressure behavior of DBE is highly

similar to DCE in both the fluid and solid phases in terms of

trans-gauche equilibrium and phase transformations, exceptthe (1) Hemiey, R. JAnnu. Re. Phys. Chem200Q 51, 763.

transformation pressures are different. For example, liquid-to- ) gong v Hemley, R. J.: Mao, H. K.; Herschbach, D. R. In

solid transition of DBE occurs at 0.1 GPa, much lower than chemistry under Extreme Conditigndlanaa, M. R., Ed.; Elsevier:

that for DCE. The pressure evolution of characteristic Raman Amsterdam, 2005; pp 189.
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DCE. All these observations indicate the phase transformations (;) I(I;awa,. S Véh.agezj’ EJ;r(_:geT'bPhySBl?? 8L Jl\G;JO'S .
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