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The four solid modifications of thiophene have been investigated by infrared and Raman
spectra. Infrared spectra in polarized light on oriented polycrystalline samples of the forms [I1
and 1V cooled at 77 K have also been measured. A new evidence of the forms II and III is
presented.

From the spectroscopic data it has been possible to establish that all the crystalline forms
belong to the orthorhombic system and that the transition mechanism probably involves a
slight rearrangement of the molecules in the unit cell.

INTRODUCTION

Polymorphism of crystalline thiophene' has been the object of ccnsiderable
interest of spectroscopists,>~> the main purpose of their studies being the
determination of the spectroscopic and structural features of the four
crystalline forms. In fact, apart from an X-ray diffraction study by Abrahams
and Lipscomb® on the first phase and an old paper by Bruni and Natta,’
no other crystallographic work is reported in the literature.

The analysis of the vibrational spectra could be in principle very useful
to get information about the crystal structure of those forms which have
never been investigated by X-ray diffraction. However, the structural
conclusions reached by different authors by means of infrared spectroscopy
are not in agreement with each other and this fact is to be related, at least in
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part, to the kinetics of the phase transitions in solid thiophene. We have
discussed this problem in a recent paper® and we have suggested a repro-
ducible method for isolating all the forms. On the basis of these experimental
findings we have measured the infrared and Raman spectra of all the four
phases as well as the infrared spectra in polarized light of the forms III
and IV.

In this paper we report on the analysis of these vibrational data and we
present some conclusions on the crystal structures of the phases and on the
transition mechanism among them.

EXPERIMENTAL

Thiophene from Carlo Erba was repeatedly distilled and its purity was
checked by gas-chromatography. Raman spectra were registered with a
Cary 81 spectrograph equipped with an Argon ion Laser source selecting
the 4880 A line as exciting light. The low temperature cell used was designed
for observation of the scattered light at 90°.° Polycrystalline samples for
infrared spectra were prepared by vapor deposition on a cold window at
77 K. The infrared spectra in polarized light were measured on oriented
samples grown by crystallization of liquid films between two CsI windows.
The temperature of the samples was monitored by a copper-constantan
thermocouple held in contact with the windows by an indium gasket.
Infrared spectra were registered with a Perkin-Elmer model 225 grating
spectrophotometer with an average spectral slit-width of 1 cm™! and using
a conventional low temperature cell.

RESULTS

The vibrational assignment of gaseous thiophene has been discussed both
on experimental'® and theoretical' '**? grounds and the main features seem
well established. The assignment of the crystal reported in Table I has been
made on this basis. No additional information was obtained from the spectra
in polarized light since infrared bands of the same symmetry species do not
show a coherent dichroism and the crystal structure as well as the crystal
plane contained in the film are not known. The use of the polarized light
was, however, decisive to resolve the factor group splitting components in
the spectrum of form IV.

A first point of interest in the vibrational assignment concerns the v,,
fundamental. In fact, some authors locate v,, at 820 em™' following a
suggestion of Waddington et al.' who proposed this value in order to fit



241

SPECTROSCOPY OF THIOPHENE POLYMORPHS

(V4D  MAIZg — —  —  mAQ8  MAIZZ — —  —  MAgIR —  magig  ma0zg  MAQZS
. . . M —  g0SL) uSS0SL .
Mmoo pOSLY  MYOSLY  USS0SL . us SISt . ‘
(‘g)ela w 6L _ . . — M gepL M OSL w MOy,  WE6hL LY 72
mA biol) wpenc) wan e w ren| mzest ovL
("g)%'4 Sye usspL  — — - - gy — o~ —  mAABYL us 9pL - - -
('g)*'a D, marGEL  — - - MM, — - - - - - -
— m = 6L msu — = M opeeL usedL - - - -
— 4 U swEL - - - = - - - - -
— us - sz usHL — g — oy wswL —  usgpTL - -
U us  pOTL) Y BOLL “ — 1z A
Ly Aoz S0'61L us 1zL
(fg)*'s — sA — 88ILy SAPBILy MASIL A A w - e “, - : w
- I A O6IL
S G e o pIL v
- o " A SO 090L) MASIOL)  ,
Pt - CS0LY  magigor  ma969 | 0POL § MAQHOL 60LY  mago,  mag89  uS 69
A 569 M0 . : MA 569
e A 689 7569 ) maTS69
29
(yypa T 474 TS SIS L 5200 909 usopees  S909  mA009
5 509 usp909f w09 ' 500 us 0'p09
(V)8 Sy - - - - - g9 — —  —  usZo9 - - - -
(W% maes — —  — ~  maLes — - — - mages - - -
MAQOLS)Y M ILS MA YL .
eyt ML o g mgos e — —  —  mAQOLS 48 699 —  mAgs  MAG9S
596 , ’ . 995
mAQOLS)  USE9S mA 095
V)" Dy, - = = = ma99gs - - - - - - - - -
4y posy . mgSpY WS —  €SSp)  us 09sP ‘
S S M
cgra WO us s gcopy NEOL wssspr woma ggcpy m 95‘” ey aeny  Mse myosy
Mmoo SEsy mEsp) M TISy)  mgosy
§  r pawsuQ  wopury ¢ x© pausuQ wopuey wopues
wawudissy uvwiey painijuy urwey pareyju| unuiry pamyuy  unwey paleu|
L =0) Gi=1 O os1 = 1) (1 081 = 1)
Al WHO4 [l Wd04 11 W04 [ W04
pauaydory) aureisAsd Jo vioads uewey puv paregu] [ 3TGVL

€T0¢ Afeniged €2 20:90 e [o1pey pue sweisAS [04u0D Jo Aisleniun amels Yswo 1 ] Aq papeojumod



P. R. SALVI, M. G. MIGLIORINI AND G. SBRANA

242

woomA 9801 uigggnly — M $'8801 $ 8801 us 6801
4s¢'g801Yy W — CI801| W GSR0l wogolf M — 980l $ 9801 uS 1601 S 55801
(gt pue Oy WSLBOIL U — c080I( woigor| weegol | w o w g0l s 5€801 us 51 wpger LW vwo_w w 8L01
woegot M — §LL0 Us 9L01 ( ys S'1801 s — 801 us Z801 S S 6101 w 8701 S 6L01
wego1) — us 6ol w0l ) usgron| — Mo o601 S$8LOL w czol
gs  wo p01 SOL01) MA W ¢pi0l)  SSpLOl
Y+ B —  mA MA E01 M 8E0L — — uUs  pgol  usgeeo! —  wgeeol - -
. 4 — §zeol s ££01 UsZEOI) — M STIE0I) W STEEOT .
S
Gy SIS T Mo srcory ussofory wsiforh wo — ooy ussetolp oo S0 wsezeor  svrcor  weson
us  ys  6z01 w 601 S6T01) — W 6701) W S8TOI
(V) Dey MEEzol  mr mAa €201 M zzol MIZOE mA o mA o CIZOL MO0l MSTE0I  MSTZON M SID M €201
124 4 Tiy — — = —  MAASIOL — - = — - — - — —
ys Uys  €76) US8TT6 oA A A b
() M9l M — 616 M6l6 > MSSI6 L nm A M.W"M - MAple6  MATZIG MA 116
M- U6 us 716
Yaz us 806 MA MA 506 M 906 MA 906 MA MA 906 us oﬂgo MA 506 MA 906 — —
# 906 M 8°506
HO8EY ma — s 188 MARESE) _ w poss ><>,> MMWN M98
()% pue (gt USISBL T ol MEwLs magigl 18 uszrgls MASI88Y yogeoe " 9.8 ys €28
MOL8L s us  ze9s M OL8 wusf W el mzis moss o o0og "L A QLY
mIL8 M 0698 MmLg " 7698
- - - —  MAApOg - - - —  mAApOg - - - -
S9E8) M ys  Gfg ys 6€8 SAGER) 4SS 0'6E8 us 6€8 . S b so
(VI usees s s zIeBe ArIE8p  sazgsy s u oy sazege L) RERSL sageey  (ITER
wygg) oM — 178 us /78 usez8) — S 968 us €8 ¢
g x pawwauQ wopuey § © pawaup wopuwy wopuel
Juswudissy urtiey paieajuj urwiey pareljuj urwRy paieajug uvwey pair1juj
oI L =1) =1 1051 =1) (1 081 = 1)
Al WY04 HI W04 1 WHOd 1 W30

(ponuniuod) 1 374V L

€T0c Afeniged €2 20:90 e [o1pey pue sweisAS [04u0D Jo AisleAiun amels Yswo 1 ] Aq papeojumoq



243

SPECTROSCOPY OF THIOPHENE POLYMORPHS

“ui1 ay1 jo suonisod viaq pue eydie 3y 910u3p q ‘B (131 33s) Spukq
pasejul ay) jo uonezisejod st ¢ ‘v 'peOIq = 1q ‘JOPINOYS = S ‘YRIM £I2A = MA NBEOM = M ‘wnipaw = w ‘Fuons = § ‘Juosis K194 = sA spuun | _wd ui saouanbai g |

(fg)tia

('y)'

(w)ta

('g)ta

('g)¥he

120 4 64
a4 84
6lig
('v)fa
o'W D¢y
("y)™

('W)a D¢y
814 4 84

(V) Dy

(g

L) D,

wezIe
S 90I€
Ys zole

ur 3L0¢

W 890¢

MA 05T

wolvl
s 90v1

MA BLEL

we9gl
westl

4s ¢St
M CUBbEl

MA ST

m

ys

ys

S

MA

SY0s1
7081
1081

11841
80v1

16Cl
S8yl
L'L¥Tl

12741

}

MmATIIE

U pole
w 660t

M 8LOE

MAELOE

M pOSt
ys ¢osi

1q 6Tyl

ys oivi
W 6 80|

mALLEL

M09l
M 3cel

MAA €6E1

s st
s 8vel

M EpCl

wziy
w goie

s 101t

w {80t
weioe

4s L90E
w 990¢

Me0st

w60v1
ys yov 1

ys ¢°L8¢ |
MmALLE]

$29¢l
S 09¢l

LENASA

mgrel

4s 76¢1
144

ys

ys

“

M

2

MA

ys

5

P05
§'C061
1061

9t
$°09¢l

$796¢1

1621
6yl
151741
Pl
374!
el

mlre
M 801€
S 101¢
4s 960t
M 180€
M 3L0E
Us 9L0¢

MA TLOE
A 990¢
us §'y0st
M CZ08
ys 10s1
us psp 1
ys g'eevl
19 perl

w ¢80v1
ys sov1

ys ¢'98¢1
MAQLE]L
M T19El
4s 09¢1
MA COCE ]
MA CEGEL

us 1s¢t
s0sTl
S 8vCI
L 444
LRy £4]
LA 44

4s 901¢
Spole

w (80t

ut gLot

A SP0S T

4s cote
SQ0L€

M 080t

M [LOE

M 0%
M E0st

1q.0tvi

w 8ol

MA 1961
4s gg¢l

s 162l
741

Ll 474

M C0lE

M 8LOL

MA 0LOE

LR1GY

§ ¢°80b1
4s $0v1

MA BGEL

€T0¢ Afeniged €2 20:90 e [o1pey pue sweisAS [04u0D Jo AisleAiun amels yswo 1 ] Aq pepeojumoq

wzoie

M 780t

Ys 9,0t

M 051

MA BGE]

S 0Tl

LY 74|



Downloaded by [Tomsk State University of Control Systems and Radio] at 06:02 23 February 2013

244 P. R. SALVI, M. G. MIGLIORINI AND G. SBRANA

the experimental heat capacity data, some others at 870 cm ™!, very close to
v,, on the basis of the isotopic product rule. Since in the infrared spectrum
of form III we observe six absorption peaks in the 890-860 ¢cm ™! region,
two close lying fundamentals must occur in this region. We conclude
therefore that the second assignment is the correct one, in agreement with the
gas phase assignment.

Furthermore, in order to distinguish in the crystal spectrum isotopic
peaks from the splitting components, we have carried out a calculation of the
isotopic normal frequencies for the free molecule on the basis of the valence
force field reported in Ref. 12. It may be expected that the isotopic frequency
shifts in the crystal should be about the same as in the gas phase since the
static crystal field affects the vibrational frequencies of the light and isotopic
molecules to the same extent. As shown in Table I, it has been possible to
identify as isotopic peaks several weak bands which appear on the low
frequency side of the fundamentals. Moreover, for vibrations involving
specifically the motion of the carbon atoms (v,5, v;, and v;), we were able
to distinguish among the peaks due to molecules containing !*C in the « or
in the B position of the thiophene ring.

CRYSTAL FORMS

The infrared and Raman spectra of polycrystalline thiophene at various
temperatures are shown in Figures 1 and 2 respectively. Infrared spectra in
polarized light of oriented films of forms IIT and IV at 77 K are reported in
Figure 3. The full line spectra refer to a polarizer-sample orientation cor-
responding to the highest intensity of the peak at about 1074 cm ™! and will
be referred to as « spectra. The dotted line spectra were obtained with a 90°
rotation of the polarizer and will be indicated as 8 spectra. Figure 4 shows the
Raman spectrum of all the phases in the lattice region.

Form I is stable from the melting point (235 K) to 171.6 K and was obtained
only by crystallization of a liquid film. Its crystal structure has been investi-
gated by X-ray crystallography® and it has been found to be orthorhombic,
space group D3¢ or C}] with four molecules in the unit cell. A definite choice
of the space group is made difficult by the presence in the crystal of orienta-
tional disorder which arises from the fact that molecules located on the
same site can assume different orientations with respect to the normal to the
molecular ring. Of course, also the infrared and Raman spectra are affected
by this orientational disorder and generally show broad bands with un-
resolved fine structure. In the Raman spectrum only two very broad lattice
modes are observed at about 55 and 112 cm ™! (Table II).
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FIGURE 1 Infrared spectra of the four solid phases of thiophene (random samples). The
spectra were registered at 188 K (1), 153 K (II) and 77 K (1II and 1V). Dotted line spectrum
refers to a thinner sample.

From the foregoing it is clear that the vibrational data do not give
additional help in the elucidation of the crystal structure.

Form [] exists in a temperature range between 171.6 K and 138 K and can be
obtained either by cooling the liquid film or by annealing crystalline samples
of form IV.

Concerning this form we were able to observe only some spectroscopic
features which however were not sufficient for a detailed vibrational analysis
of the crystal.

The most important spectral features are:

a) Activity of all the expected fundamentals in the infrared spectrum.
This means that the site symmetry is lower than the C,, molecular symmetry.

b) Most of the bands show splitting into two components. Infrared and
Raman frequencies are generally coincident.
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FIGURE 2 Raman spectra of the four solid phases of polycrystalline thiophene registered
at 188 K (I), 153 K (II) and 77 K (11T and 1V).
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FIGURE 4 Low frequency Raman spectrum of solid thiophene at 188 K (1), 153 K (II) and
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TABLE Il Raman lattice modes of crystalline thiophenet

Form | Form Il Form III Form 1V
(T = 180 K) (F = 150K) (T =77K) (T =77K)
v I v | y 1 v I
S5 m 26 w 26 S 26 m
112 br 36 br 34 m 35 w
52 m 49 m 44 w
76 br 53 m 50 sh
92 w 61 sh 53 s
103 s 67 s 68 sh
117 sh 73 S 72 S
78 s 79 m
100 m 90 w
107 s 100 br
113 3 110 s
116 sh 117 m
124 m 129 m

t Frequencies in ¢cm™! units; s = strong, m = medium,

w = weak, br = broad, sh = shoulder.

¢) A close similarity between the band shape of the spectra of forms II
and III. This fact suggests that minor differences exist in their crystal
structures.

Form [111s always obtained from the second one by lowering the temperature
below 138 K. By a further cooling it does not transform anymore and can
be isolated as a metastable form at 77 K.

The analysis of the vibrational spectra allowed us to establish that:

a) All the expected fundamentals are infrared active and, in general, split
into three components.

b) The same multiplicity is shown by most of the Raman bands. Co-
incidence is observed between the infrared and Raman splitting components.
Thirteen peaks occur in the Raman lattice region.

These results strictly support the presence of a non-centrosymmetric
orthorhombic crystal structure with four molecules in general position.
However, a choice between C,, and D, factor group is practically im-
possible, the only criterion being the coincidence or not of the totally
symmetric Raman splitting component with an infrared peak.

Form 1V, stable below 112 K, was isolated either by a fast cooling starting
from form I or by annealing the glassy samples obtained by vapor deposition
at 77 K.
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From the inspection of the spectra we note:

a) The infrared and Raman bands are in general broader and show a less
resolved fine structure than those of form III.

b) Most of the Raman bands split into two components, apart from the v,
and v, which show a triplet and quartet structure, respectively. In the Raman
spectrum thirteen lattice modes are detected.

¢) In the infrared spectrum in polarized light three components are
observed for most of the fundamentals.

All these data together with the coincidence between the frequencies of
the infrared and Raman splitting components lead also for this phase to the
same conclusions above proposed for form Il (i.e. site symmetry C,, factor
group D, or C,,).

Finally we emphasize that, for this phase, the use of the polarized light on
oriented samples has been determinant for the identification of all the
infrared splitting components.

CONCLUSIONS

At first most of our attention in studying the phase transitions in crystalline
thiophene was devoted to the identification of each crystal form by means of
vibrational spectroscopy. We succeeded in isolating the first three forms by
following the indications given by the heat capacity measurements whereas
we were not able to induce the Il — IV phase transition and vice versa.
Form IV was instead obtained by a fast cooling of form I. Its infrared spec-
trum compares well with those reported in the literature and attributed to
form IV.

At this point we wish to remark that, even if the spectroscopic identifica-
tion of forms ITl and IV cannot be questioned on the basis of the arguments
presented above, the infrared spectrum of form III, which shows bands with
a great sharpness and a well resolved fine structure, seems in better agreement
with the occurrence of a more ordered crystal structure usually consistent
with the lowest temperature stable form.

Concerning with the mechanism involved in the phase transitions, the
first order I — II phase transition is of disorder-order type and probably
consists in the freezing of the molecules in a unique orientation. This is
supported by the vibrational spectrum of form IT which shows a sufficiently
resolved fine structure of the bands in accordance with an ordered arrange-
ment of the molecules in the crystal.
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The other two phase transitions, of lambda type, involve only a small
amount of energy. From the spectroscopic data it results that they do not
affect either the crystalline system or the site symmetry. In particular, if we
consider that the vibrational spectrum of form III closely resembles that of
form II, it seems reasonable to suppose that the IT — I phase transition is
related only with a rearrangement of the molecules in the unit cell without
the site and the factor group symmetries being affected.

As to the form IV, its crystal structure should differ substantially from
that of the phase I1I, as shown by the completely different pattern exhibited
in the lattice Raman region. Therefore it is possible that a change in the
factor group symmetry occurs (from C,, to D, or vice versa) going from
form I1I to form IV, whereas it is well established that the site symmetry as
well as the number of molecules in the unit cell remain unchanged.
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