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Pressure-induced polymerization of G, at high temperatures: An in situ Raman study

A. V. Talyzin! L. S. Dubrovinsky T. Le Bihan® and U. Janssdn
!Department of Materials Chemistry, Angatid_aboratory, Box 538, SE-751 21, Uppsala, Sweden
2Bayerisches Geoinstitut, UniversitBayreuth, D-95440 Bayreuth, Germany
SEuropean Synchrotron Radiation Facility, Grenoble 38043, France
(Received 16 April 2001; revised manuscript received 21 June 2001; published 29 May 2002

In situ Raman spectroscopy data aofg@olymerization under high-temperature—high-pressure conditions are
presented. We have studied a diagonal section ofP#lediagram starting from room temperature and a
pressure of 5.5 GPa, heating the sample up to 780 K and 1.5 GPa, followed by a cooling of the sample back
to room temperature and a pressure of 7.5 GPa. Only known one- and two-dimensional polymeric phases of
Cgo Were observed. X-ray diffraction from a quenched sample obtained with synchrotron radiation showed that
it consists of a mixture of orthorhombic and tetragonal phases with a small addition of rhombohedral phase. A
P-T diagram based on oum situ data is in good general agreement with similar diagrams constructedeftom
situ studies data.
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[. INTRODUCTION ecules; (i) peaks originating from square ring vibrations
around 900—1000 cnt, and(iii ) peaks below 200 cit due
It is well known that a high-pressure—high-temperatureto intercage vibration$>®

treatment(HPHT) of Cg, below 9 GPa and 900 K leads to A problem with all previous Raman HPHT studies is that
the formation of several kinds of one- and two-dimensionathey have been carried owx situ This means that the
polymers!~ while three-dimensional polymers typically are samples have been heated and pressurized, and then
formed at higher pressuréd Several differenP-T diagrams  quenchedcooled down and pressure releaseétharacteriza-
have been published in the literature to describe the phagin with a suitable analysis technique has then been carried
compositions at different temperatures in this pressure regiofut at room temperature and normal pressure. A problem
(<9 GPa.**81t is important to note that these diagrams arewith this procedure is that the phase composition can be
not phase diagrams sincgqds a metastable modification of changed during quenching. There are numerous examples
carbon, and the term “equilibrium phases” should not bewhere high-pressure phases can be obseirveiu at HPHT
used. The published diagrams exhibit some similarities bueonditions but not observedx situin quenched samples
also some important differences. This can only partly be exte.g., of Fe, TiQ, and CaSiQ). Recently in our laboratory
plained by differences in the experimental procediuss of we also observed that pressurized thin-film-samples gf C
hydrostatic or nonhydrostatic pressure, variation in heatinghange phase composition during the quenching procedure.
times, applied analysis technique, &tcFor example, Furthermore, the heating may also change the pressure inside
Sundgyist reported that a chainlike orthorhombic phase isa compressed volume due to technical reasBrssitu stud-
formed at moderate temperatuies350 K) and the pressure ies leave this aspect impossible to evaluate and may give rise
range 1—-8 GPa. In contrast, Davydetval. recently reported to erroneous data points inRT diagram. Finally, it must
that a dimeric phase is formed at room temperature at preglso be noted that most of the studies used by Sundgvist to
sures above 1 GPaand their observations of orthorhombic construct theP-T diagram for G, were obtained using hy-
phase have been limited to pressures below 2 GPa. Furthatrostatic conditions. Nonhydrostatic pressure conditions
more, an x-ray-diffraction study by Benningt@i al® also  have been shown to produce polymerization gf €ven at
showed no orthorhombic phase for 2.6 and 5.7 GPa. A gerroom temperature at pressures above approximately 7&Pa.
eral observation, however, is that two-dimensional polymers From the discussion above, it is clear thatsitu studies
with a rhombohedral or tetragonal structure have been foundre required to determine the phase compositions at true
to form at temperatures above 500—600'% The stability =~ HPHT conditions. Hitherto, technical problems have re-
regions for these phases are unclear and differ from one irstricted in situ Raman studies of & at high pressures to
vestigation to another, but the rhombohedral phase seems toom temperature. In this work, however, we present the first
be favored by a higher pressure. Some studies showed alsein situ Raman study of g, polymerization at HPHT and
multiphase regions in th@®-T diagrams>'° The published nonhydrostatic conditions. Th situ results are compared
P-T diagrams also show that monomeric, unpolymerizggl C with previousex situstudies.
is stable at low pressures and high temperatures. Today, Ra-
man spectra have been recorded for all one- and two-
dimensional polymeric phases, and characteristic features of
the spectra have been identified for each phase. Some of the Powder samples of freshly sublimedi399.95% purity,
most typical signatures for polymerization di¢ a shift of MER Corporation were studied using the TAU-type
the A4(2) mode originally found at 1469 cm, proportional  diamond-anvil cel(DAC) (Ref. 13 with 250-um flat culets
to a number of square rings connecting neighboriggnal-  without pressure transmitting medium. Powder qf @nd

Il. EXPERIMENT
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Glass cover sible to record acceptable spectra with rather short acquisi-
‘ tion times. Before and after heating, as well as after
' quenching, spectra were also recorded with the 514-nm laser,
- since this wavelength was used in the most of the studies
) presented in the literature. The resolution was 2 tin all
— of our experiments. TheEAKFIT software was used for fit-
] 5 ting of spectra with Voigt functions after background sub-
- Sample Gasket | Thermocouple  raction. It shall be noted that below approximately 400—500
- e cm ! the quality of the spectra was less good due to inter-
O AL ! ference effects.
— | by Precise_ pressure calibra_tion turned out to be a difficu_lt
ODiarpond C problem since the ruby luminescence peaks were weak with
Q anvils | = the 785-nm laser, especially at high temperatures. Therefore,
* T separate experiments were performed using the 514-nm la-
g ; = H ser. This experiment showed a linear decrease of the pressure
— = = with increasing temperature. At about 800 K the pressure
QO0OCOOCOO00O0 decreased at gpproxri)mately 3—-4 GPa. We also founréi that the
Ceramic shell with heating wire position of the diamond pealat around 1332 cimt at RTP
. originating from the anvils can be used for monitoring pres-
FIG. 1. Scheme of the experimental setup. sure during the heating. The diamond peak position was

5found to shift linearly with temperature. For pressure and

temperature calibration of the diamond peak we need two
reference points with a known temperature and pressure. The
two reference points were set to 293 K 5.5 GPa and 780 K
é‘d5 GPa, respectively. With a knowledge of the temperature

from the same spot close to the center of the sample. Th ) every point of our measurements and using th_e shift of the
diameter of the analysis area was less tham iamond peak relative to the reference two points, we can

The cell was placed into a resistively heated ceramic sheﬁ"SSign each Raman spectrum to a certain pointRaTadia-

with a glass window and a nitrogen flow was used inside th&'@m for Geo. e

heater to prevent cell oxidation; see Fig. 1. The temperature Two-dimensional(2D) x-ray-d|_ffract|0n patterns of the
was controlled by &-type thermocouple inserted inside the quenched sampl_es were taken in transmission geometry on
cell at the diamond-gasket interface. Pressure was measurHHE |D3Q. beamline at the European _Synchrotron Radia-
using the ruby fluorescence scale corrected for temperatwI n FaC|I|ty (ESRF, Grenoble, Frantavith the MAR345
effects! In the HPHT experiments, the samples were pres? etector using an x-ray beam of 0.3738-A wavelengths and a

. 2 .
surized to 5.5 GPa and heated slowly to 780 K step by steps.'Ze of 20<10um®. The _Detector—to—sample dlstancg was
350 mm. The collected images were integrated using the

During the heating-cooling cycle, Raman spectra were re= : . ; . .
corded using short measurement times at every 10 K. Af'T20 Program in order to obtain a conventional diffraction

every 100 K, the temperature was allowed to stabilize forSPECtrum.
10-20 min and Raman spectra were recorded using longer
acquisition timeg(30—60 min. It must be noted, however, lll. RESULTS AND DISCUSSION
that at the highest temperatur@sound 780 K the heating
time was reduced10-15 min in order to decrease the risk
of cell damage. The total cycle time for an experiment was As can be seen in Fig.(@, a room-temperature Raman
about 9 h. After completion of the heating-cooling cycle thespectrum of a sample pressurized to 5.5 GPa is slightly dif-
pressure in the cell was found to be 7.5 GPa. This is about ferent compared to the pristingspectrum. An asymmetric
GPa higher than the initial pressure, and shows that somghape of theA,(2) mode and a strong change in relative
pressure changes have occurred during the experiment. Tlrgiensity of some peaks indicate that a fraction of polymeric
variations of the pressure during an experiment are related tohase(dimers or chainsis already present at room tempera-
a mechanical relaxation of the DAC. ture. The spectra in Fig. 2 also show the appearance of a
A Renishaw Raman 2000 spectrometer with 514- andwumber of new peaks at higher temperature. This indicates
785-nm lasers was used in the experiments. Raman spectifzat the degree of polymerization increases as a function of
were recordedh situ during a heating-cooling cycle through temperature. Surprisingly, however, a maximum in polymer-
the diamond anvils using a long focus>6Mbjective. With  ization can be seen at about 670 K. A further increase in
such an objective the studied area is approximatghjibthe  temperature leads to the reverse process, and at 780 K all
focal plane, and the depth of the focus is less thamt0OEXx  polymers have decomposed and the Raman spectrum is very
situ spectra were also obtained from quenched samples. Dusimilar to that of pure, unpolymerizedgsg[see Fig. 20)].
ing the heating-cooling cycle, the 785-nm laser was used fof he decomposition of the polymeric phases at high tempera-
spectra recording, since it provided a much better signal-totures can easily be explained by the fact that the pressure
noise ratio than the 514-nm laser and therefore made it posturing heating is reduceee Sec. ) It is known that Gg

several 2—3um size ruby chips were loaded in the hole, 12
um in diameter, drilled in a Re gasket. Initial thickness of the
sample was 3fum. The pressure variation at the maximum
pressurg5.5 GPa was +1 GPa within 100um of the cen-

tral part of the sample. The Raman spectra were measur

A. General observations
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polymers depolymerize at ambient pressure if heated to 400polymerization, which achieved a maximum at 670 K fol-
500 K1° We know from our experiments that the pressure alowed by decomposition of polymericggto the monomeric
780 K should be about 1.5 GRsee Sec. )l It should also  phase. Different polymers of g can be identified by com-
be noted that the phase diagram recently published by Sumaring theA,(1) andA4(2) modes at different temperatures,
dqvist and co-workers shows that the one and two-as shown in Figs.(@) and 2b). A problem with the interpre-
dimensional polymeric g phases will decompose to mono- tation of_thg spectra is that the shifts of th@_o(ﬁeaks due to
meric Gy, at about 1-1.5 GPa at 780—800°&° polymerization must be separated from shifts due to changes
From the results above we can conclude that we not havé Pressure and temperature. A more precise determination of
made a vertical section in tHe-T diagram but rather a diag- the phase composition is possible since it is known that the
onal section connecting room temperature and 5.5 GPa witRosition of theAy(2) mode is downshifted by 5, 10, and 21
our reference point at 780 K and 1.5 GPa. Also, during coolm * for dimeric, one-dimensional orthorhombic, and two-
ing we observed a linear increase of the pressure. Down tgimensional tetragonal phases, respectiVélyis reasonable
approximately 520 K the pressure increased very closely t& suggest that the relative positions of these peaks remain
the pathway observed during the heating. Below this tem5|mllfar under HPHT conditions, but a clear reference pomt is
perature, the actual pressure during cooling was higher conf€quired since even at room temperature our sample is partly

pared to corresponding point on the heating curve leading tgolymerized. As shown above the sample at 780 K and 1.5
a final pressure of 7.5 GPa. GPa consists mainly of monomerig{C We have used the

Aq4(2) peak of unpolymerized 45 at this temperature and

pressure as a reference peak, and will therefore discuss the

Raman spectra starting at the highest temperature and con-
The spectra obtained during heating and cooling showinue down to room temperature.

some differences, and will therefore be discussed separately. The monomeric g, at 780 K is formed by a decomposi-

As mentioned above, the heating experiments show an initigion of a polymeric phase. At temperatures below 780 K, a

B. Raman analysis during heating
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peak can be seen which is downshifted with about 10'cm experimental datde.g., x-ray diffraction, density measure-
compared to thé\,(2) mode of unpolymerized §g[see Fig. ments show that this phase is a two-dimensional polymeric
2(b)]. This peak can be attributed to a chain polymer with anphase.
orthorhombic structur&® The intensity of the orthorhombic Figures 2a) and Zb) show that at 670 K and 2.3 GPa we
peak clearly dominates the spectrum at 740 K, but is reducefave the highest degree of polymerization with a mixture of
at higher temperatures as the orthorhombic phase decompoggee phases: an orthorhombic chain polymer, a tetragonal
into monomeric G. The depolymerization can be followed two-dimensional polymeric phase, and a rhombohedral two-
directly by comparing the relative intensities of tAg(1)  dimensional polymeric phase. The formation of this mixture
modes at 500 cit, which can be assigned to unpolymerized during heating from room temperature can be followed in
Ceo. and the peak at about 490 chwhich can be assigned Fig. 2@). At lower temperatures, thdy(2) mode can be
to the orthorhombic and tetragonal polymérds can be attributed mainly to the monomeric phageith addition of
seen in Fig. &), the intensity of the polymer peak is reduced small amount of dimejs but above 470 K this feature is
with increasing temperature, and at 780 K the typical specelominated by contributions from the orthorhombic and te-
trum of monomeric @, is observed. A small amount of tragonal phases. The formation of the rhombohedral phase
orthorhombic phase is still present at this temperature but itan clearly be seen at about 450-470 K, and the relative
decreases with increasing time of the high temperature treaintensity of the peaks from this phase increases up to 670 K.
ment. From the spectra in Figs(& and 2Zb) it can be difficult to
Below 740 K, a shoulder can be observed with a down4dentify the individual contribution of the different phases to
shift of about 20 cm* compared to theé\y(2) mode of un-  theAy(2) feature. A peak-fitting program was therefore used
polymerized G,. This peak can be attributed to the two- to resolve the different peaks in each spectrum, and the re-
dimensional tetragonal phase with four square rings ggr C sults are summarized in Fig. 3, where the peak positions for
At 670 K and 2.3 GPa, the intensity of the tetragonal peak iach phaséexcept the rhombohedjadre given as a function
more or less equal to thiy(2) peak from the orthorhombic of temperature during the heating step. The plot shows that
phase. It should be noted that the positions of A¢1) no monomeric phase is observed between about 470 and 670
modes of the orthorhombic and tetragonal phases are similaK. According to literature data, the shifts of the orthorhombic
and that this mode therefore can not be used as a signatuaed tetragonahy(2) peaks relative to tha,(2) peak of the
for these phasebAt this temperature it is also clear that a monomeric phase are 10 and 20 cnrespectivelyi.e., the
third phase is present in the sample. This phase has peakssitift of the Ay(2) peaks between tetragonal and orthorhom-
1409, 729, and 1621 cm, and can be assigned to a two- bic phase is about 10 cht]. Figure 3 shows that this is the
dimensional, rhombohedral phase described by, for examplease in the temperature region 670-780 K. In contrast, a
Davydov et al.* It should be noted that this phase, which slightly different behavior can be observed between about
should contain six square rings peg,@nolecule, seems to 450 and 570 K. In this region the shift between the tetragonal
fall outside the trend observed for th%(2) mode peak and orthorhombic peaks is about 15 ‘tmFurthermore, the
shift. The pure rhombohedral phase claimed to be obtained idownshift of the assumed orthorhomi#ig(2) peak relative
a recent study by Davydost al? exhibits anA4(2) peak at the monomeric peak is only about 5 cm These shifts are
1406 cm* at ambient conditions which would correspond to consistent with the formation of a dimeric phase. We there-
12 square rings per molecule assuming a shift of 5tper  fore suggest that the sample between 450 and 570 K consists
square ring. However, 12 square rings pgg @olecule re- of a dimeric phase or more likely a mixture of the ortho-
quire a three-dimensional polymerization although all otherhombic and dimeric chain polymer. The fraction of the
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orthorhombic phase in this mixture increases at higher temincrease in intensity of the peaks around 1000 tnThe
peratures. The formation of the dimeric phase at low temiatter peaks have been assigned to vibrations of square rings
peratures was previously reported in the literature by Davyeonnecting G, molecules'’ In our spectra we can clearly see
dov et al* It should be noted that the dimeric phase has ahat these peaks correlate well with the formation of the two-
typical intermolecular mode at 97 ¢rh(Ref. 9, which can  dimensional phases.
be used as a fingerprint. Unfortunately, however, we have
strong interference effects at this frequency range and have
been unable to detect this mode as well as similar modes for
other polymers. The phase composition during the cooling step was dif-
In summary, the heating results show that dimeric anderent compared to the heating step. This shows that the po-
orthorhombic chain polymers initially are formed as the tem-lymerization sequence is not reversible within the time
perature is increased. Above 470 K, tetragonal and rhombdrames of our experiment. Figure(a} shows the Raman
hedral polymers can be seen in the spectra. At 67@®R  spectra recorded during cooling from 780 down to 675 K. As
GPa (where the highest degree of polymerization is ob-can be seen, the sample at 780(K5 GPa consists of
served we have a mixture of three phases: an orthorhombignostly pure monomeric £, while at 675 K(2.3 GPa it
one-dimensional chain polymer, a tetragonal two-consist of mainly orthorhombic chain polymer. The transfor-
dimensional polymer with four square rings pegpCand a  mation from monomeric phase to orthorhombic polymer can
rhombohedral two-dimensional polymer with six squarebe seen as a downshift of the botj(1) andAy(2) modes
rings per Go. It is also clear that heating from 670 (2.3 by 10 cm*. Especially clear this transformation can be ob-
GP3g to 780 K (1.5 GPaleads to a depolymerization of first served for theAy(1) mode around 500 cnt. The intensity
the rhombohedral phase, followed by the tetragonal phasef the peak from the orthorhombic polymer increases during
and finally the decomposition of the orthorhombic phase tahe cooling, while the intensity of the peak from the mono-
monomeric (G,. Furthermore, the formation of two- meric phase decreases. The same can be observég(y
dimensional phases also give rise to a number of additiongleaks which are less sharp and more overlapped, but can be
peaks in the spectral region 200—800 ¢mand to a sharp resolved using fitting procedures. At 675 K, the sample con-

C. Raman analysis during cooling
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sists mainly of the orthorhombic phase but small amounts 0bf the A;(2) modes of the monomeric, orthorhombic, and
monomeric Gy and tetragonal phases are also present. Ne¢etragonal phases calculated using a peakfitting procedures
indication of the rhombohedral phase can be seen at thiagre shown in Fig. 5. As can be seen, the cooling data show a
temperature. very stable correlation between the modes with a constant
The second paffig. 4b)] of the cooling step is from 675  shift of 10 and 20 cri’® of the orthorhombic and tetragonal
K (2.3 GPa to room temperaturé7.5 GPa. Here we ob- modes, respectively, relative to the monomeric mode.
serve an increase in the amount of the tetragonal phase as
well as the appearance of a small fraction of the rhombohe-
dral phase. The highest degree of polymerization can be seen
at 510—-490 K. It must be noted, however, that the maximum
intensities of the peaks from rhombohedral phase were sev- Figure 6 shows ain situ Raman spectra from the sample
eral times lower during cooling compare to the heating runafter the heating-cooling cycle at room temperature and 7.5
During the final part of the cooling step from 510 (8.6  GPa together with a spectra recorded after pressure release
GPa to room temperaturg7.5 GPa, only very small (quenching. Well-resolved peaks from the spectra recorded
changes in the relative intensities of the peaks could be olafter pressure release are listed in Table I. A fitting of the
served. This means that at room temperature and 7.5 GPa wpectra from the quenched sample in Fig. 7 shows that the
have a mixture of mainly orthorhombic and tetragonalmost intense component of ti#g,(2) mode belongs to the
phases with a smaller amount of the rhombohedral phas@rthorhombic phasé1460 cni?), followed by the tetragonal
The monomeric g was also observed during the entire phase(1448 cmY), while less intense peaks of the rhombo-
cooling step, but it decreased significantly and at room temhedral phase are situated at 1410 and 1432 is pos-
perature was present only as a very small impurity. The shiftsible that the latter line can betg,(7) mode from an ortho-

D. Raman spectroscopy of a quenched sample

FIG. 6. Raman spectra of the quenched
sample recordedx situ(a) compared withn situ
spectra of the sample after heating-cooling cycle
at 290 K (b) Diamond peaks from anvils are la-
beled asD.

Intensity

L . 1 . 1 .
500 1000 1500 2000

Raman shift (cm™)
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TABLE I. Peak positions observed in the Raman spectra of thehombic or rhombohedral polymer, with a strongly increased
sample after pressure release.

intensity compared to fcc §g. Peaks from monomericdg

are very weak, which means that most of the sample is po-
lymerized. These modes are also observed in the spectra re-
corded from the sample before pressure release, but they are
less well resolved and look more like one broad peak. The
peaks are also upshifted due to the higher pressure. A fitting
of this peak gives positions @,(2) modes from the mono-
meric, orthorhombic, and tetragonal phases at 1507, 1497,
and 1490 cm? respectively, while peaks from the rhombo-
hedral phase are observed at 1423 and 1456'cfthe main
difference between spectra recorded before and after pres-
sure release is in the relative intensity of some peaks. Unfor-
tunately, a direct comparison of intensity between the spectra
is difficult since they are recorded with different lasers. A
spectrum of the quenched sample could not be recorded with
the 785-nm laser due to problems with a very high lumines-
cence background. Nevertheless, we can see some clear dif-
ferences between the spectra that cannot be due to the use of
different lasers. The most remarkable observation is that the
quenched spectrum has a clear and rather sharp feature at
about 952 cm? that is assumed to originate from squared
rings connecting the & molecules in the polymers. This
feature is very weak in the spectrum recorded at 7.5 GPa.
Furthermore, the same behavior can be seen for the split
Hg(1) mode at about 257 and 271 chIn fact, also most
other Hy modes seem to be more intense in the quenched
spectrum.

E. X-ray diffraction of a quenched sample

The results from the Raman analysis of the quenched ma-
terial are in a good agreement with data obtained by synchro-
tron x-ray diffraction (XRD). An X-ray-diffraction image
taken with a beam direction nearly parallel to the uniaxial
direction of compression is shown in Fig. 8 together with a
pattern integrated from this image. An analysis of the pattern
shows that it could be indexed as a mixture of mainly ortho-

FIG. 7. Fitting of the spectrum of quenched
sample in the spectral region around thg(2)
mode.

Raman
shift, cm ! Assignment
1623 ?
1565 Hgy(8)
1469 Ay(2) monomeric
1460 Aq(2) orthorhombic
1448 Aq(2) tetragonal
1432 Hg(7) ?
1410 A4(2) rhombohedral
1314 ?
1240 Hy(6)?
1196 ?
1108 Hq(5)
1088 ?
1042 ?
971 Square
953 ring vibrations?
772
751
72
702 Hy(4)- and
683 H4(3)-derived modes
667
637
592 ?
532 Fiu(1) ?
488 A1)
451 ?
432 Hq(2)
395 ?
296
271 Hgy(2) derived
257
2
R7
b=
e
R
1300 1350 1400 1450 1500 1550

Raman shift (cm™)
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rhombic phase together with some tetragonal phase. The ceaibt only Debye-Scherrer rings but also several spots due to
parameters of the orthorhombic phase were determined tine preferential orientation of grains. The symmetrical posi-
a=9.08 A, b=9.58 A, andc=14.85A using the 13 best tion of these spots shows that the preferential orientation is
peaks. These values are in good agreement with literatureorrelated to the direction of pressurizing. The Debye-
data. It should be noted, however, that the sample hlas a Scherrer ring witld=8.09 A shows four spots which can be
axis, which is shorter than previously reported values of 9.8-indexed as{011} reflections from the orthorhombic phase.
10.0 A*!® The shortening of thé parameter can be ex- The ring with d=4.93 A shows six spots from thg112
plained by the partial tetragonal polymerization that isreflections of the orthorhombic phase. Very diffuse and weak
present as a disorder in the orthorhombic chain structurespots from{103 reflections of the orthorhombic phase can
Using a value 9.08 A as a reference for theparameter of also be recognized. It is also interesting to note that we ob-
the pure tetragonal phase and 9.9 A for the pure orthorhonserved only two spots frofl10 reflections of the tetragonal
bic phase, we could estimate a ratio of the orthorhombic tgphase. Taking into account the non hydrostatic conditions of
tetragonal phases of about 1.5. The 2D XRD patterns alspressurizing in our experiment, the preferential orientation is
showed a 6.44-A line with two diffuse spots, which cannotrather probable and explains the observed pattern.

be attributed to any reflections from the orthorhombic phase
but identified ag110) reflections from the tetragonéfig. 8).
Therefore, a tetragonal polymerization is present in our
sample as a separate phase and as a disorder within the
orthorhombic phase. The presence @fl@4) reflection from The results from the Raman analysis have been summa-
the rhombohedral phase confirms the Raman data that thiized in aP-T diagram shown in Fig. 9. This diagram is in
phase, together with the tetragonal phase, exists in smalfact a diagonal section in the-T space, and a number of
amounts in the quenched sample. The inset in Fig. 8 showsuch sections are required to construct a complete diagram

F. Construction of an in situ P-T diagram

800  fce
| foc Yo fectO
700 F O+f05‘*;»<_ O+T+cc
< I Vo O+T+R#fec
o 600 \t\ FIG. 9. P-T diagram showing phase transfor-
5 O+T+R 1 mations observed during the heating-cooling
® \;‘n\,_ T+O+R+fce cycle. The phases are fcc, monomerigy CD,
2 500 1= N dimeric; O, orthorhombic;T, tetragonal; andR,
E \\ . . . _
o 0D v rhombohedral. The phase Wlth the _hlghest inten
F 0L AN I sity in the Raman spectra is listed first.
\\\ : O+T+R+cc
300 D+fce \\ '
1 | 1 1 1 ] 1
1 2 3 4 5 6 7 8

Pressure (GPa)
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similar to that presented by, e.g., Sundgvidevertheless, increase was followed by pressurization. Our results show
the diagram allows us to compare the situ experiments that the preferential pathway for the preparation of the tetrag-
with previously published results obtained by situexperi-  onal phase is to start with a high temperature and then apply
ments. In Fig. 9 the phase with the highest intensity of thepressure T-P) while the rhombohedral phase is favored by
Aq4(2) mode is listed first. This does not mean that this is thdirst applying pressure followed by a higher temperature
majority phase, since the cross sections of different poly{P-T). At present we have no explanation for the differences
meric phases are unknown and relative intensity can be used the phase composition during the heating and cooling
only for qualitative assessment. steps. It is possible, however, that kinetic constraietg.,

The phase relations observiedsitu in Fig. 9 and theP-T  orientational dynamigsin the polymerization process give
diagram based oex situdata in Refs. 4, 5, and 8 show a rise to the observed differences.
very good general agreement, but some differences in details. Finally, an important question is whether timesitu data
This similarity is especially remarkable if we take into ac- shown in Fig. 9 represent complete phase transformations
count that theex situ P-Tdiagrams were based on data ob- phases or if prolonged heating could lead to a further change
tained at hydrostatic conditions, while we used nonhydroin phase composition. A test at 670 K showed that the inten-
static conditions. First of all, we found no other phasessities of the peaks from the orthorhombic phase reduced con-
besides those obtained in tlee situstudies. Heating from tinuously with time. However, due to experimental difficul-
room temperature leads first to the formation of dim@$  ties with the high temperatures we were unable to stay longer
and one-dimensional orthorhombic polyméf3) and atT  than 1 h at this temperature, and it is possible that most or all
>470 K (4.1 GPa a mixture of the orthorhombic phase and of the orthorhombic phase may transform to tetragonal and
two-dimensional tetragonal and rhombohedral phages ( rhombohedral polymers with prolonged heating. It should be
+T+R) was observed. This seems to be a difference comnoted that our heating times in general are longer than, or
pared to theex situ P-Tdiagram presented by Sundqvist, about equal to, those used é@x situstudies. It is therefore
where onlyT+R were observed together in the multiphaseconceivable to assume that most of tReT Diagrams re-
region®® Also we observed a formation of the dimeric poly- ported in the literature are based on results where complete
mer already at room temperature, which was continuouslphase transformations have not been achieved. Therefore,
transformed to the orthorhombic phase at higher temperdaFig. 9 must be considered as a map of phases which appeared
tures. This is a difference compared to the results presented our experiment. Nevertheless, we believe that it gives a
by Sundqvist and co-workers where no region for a dimeridoetter approximation of a true-T diagram compared to the
phase is given in th®-T diagrams, although samples con- diagrams constructed usirex situdata.
taining a dimeric polymer have been identified in later
studies® Our result is also different from the-T diagram of
Davydov et al,* which shows a direct transition from
dimeric phase to a tetragonal phase while no orthorhombic or
rhombohedral phases were observed in this section of the |n conclusion,in situ Raman spectroscopy data ofsg
P-T space. However, the transition lines in tReT diagram  polymerization under HPHT conditions are presented. We
presented by Davydoet al. are very approximate, and will have studied a diagonal section ofPaT diagram starting
fit to our data with only a small change in the slope of thefrom room temperature and a pressure of 5.5 GPa heating
lines? Another difference can be seen above 670 K, wherghe sample up to 780 K and 1 GPa, followed by a cooling
during both the heating and cooling steps we observed thgf the sample back to room temperature and a pressure of
one-dimensional orthorhombic phase. In contrastethsitu 7.5 GPa. In general, the results are in a good general agree-
P-T diagram by Sundgvist suggests a direct transition fromment with data obtained fromex situ studies. During
the monomeric fcc g, phase at high temperaturel ( the heating-cooling cycle, the polymerization order is
>500K,P=0-2GPa) to the two-dimensiondl and R monomeric G,— dimeric—one-dimensional polymer Q)
phases without the formation of any orthorhombic pHase. . two-dimensional polymeréT,R). Nevertheless, a preferen-
this respect our observations are more similar to BR&  tia| pathway to prepare the tetragori@) phase seems to be
diagram presented by Davydet al., which shows an ortho- 3 high-temperature treatment followed by a pressure increase
rhombic phase in the region around 550-750 K and 1-2T1.p), and for the rhombohedr&R) phase a pressure treat-
GPa. Therefore, our studies suggest that our results akgent followed by high temperature. Also clear differences in

complementarysto the-T diagrams4presented by Sundavist the relative intensity for some modes were observed irirthe
and co-workers® and Davydovwet al. situ and ex situspectra.

Another observation was that the phase composition dur-
ing cooling was different than during the heating step. Much
less amounts of the rhombohedral phase were observed dur-
ing cooling compared to heating. This is in good agreement
with previous studies, which observed that different path- Financial support from the Swedish Natural Science Re-
ways for applying pressure and temperature may lead to difsearch Counci{NFR) and the Swedish Research Council for
ferent proportions of polymeric phasé$Since we obtained, Engineering Science§TFR) are gratefully acknowledged.
monomeric phase at the highest point of heating, the coolin®r. J. Lindgren is also acknowledged for placing the Raman
half-cycle is similar to experiments where the temperatureequipment at our disposal.

IV. CONCLUDING REMARKS
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