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AbsmCL The Raman spectra of various isotopic derivatives of cyclopentene have been 
studied from 20 U, 293 K as functions of temperature and isotopic substitution. In the 
solid phase I, two p k s  between 130 and 180 cm-l, assigned to the ting-puckering mode, 
allow the ring-puckering potential function to be determined in the onedimensional 
approximation. Compared with the gas phase, it shows only a slight increase in the 
banier height, smaller for monohydrogenated -3hl cyclopentene (Q3H) than for the 
perhydrogenated cyclopentene (CyHs), and a simullaneous decrease in the puckering 
angle value, more pronounced for Q3E than for QHS These trends could explain the 
appearance of a new solid phase I', characterized by a planar contormalion of the 
cyclopentene ring, in the mullideuterated cyclopsntene derivatives. In the solid I and 
plastic phases, the u(CH) stretching spectra of monohydrogenated -3h1 (Cy3H) and 4 h l  
(Cy4H) cyclopentenes show two distinct u(CH) bands assigned U, the CH bond in the 
axial and equatorial positions. The c o a h n c e  of these two bands in the liquid smte 
indicates an exchange rate behveen the two conformen of about 5 x 10'' s-l at 295 K. 

1. Introduction 

Much spectroscopic work has been devoted to the study of cyclopentene in the gas 
phase and has led to the determination of a ring-puckering potential energy function 
Vzz2 + 4z3+ 4z4,  with z the ring-puckering coordinate and V, # 0 in the case of 
the isotopic derivatives monosubstituted in an allylic position [l-131. The condensed 
phase has received less attention. Calorimetric studies show the existence of a plastic 
phase (phase 11) betwwn the melting point (138 K) and a solid-solid phase transition 
at 87 K [14]. In the same temperature range, NMR [15] and neuuon scattering [16] 
studies show the presence of two plastic phases. These two plastic phases camot be 
distinguished in the infrared and Raman spectra whereas considerable changes are 
observed in the entire spectral range on passing from the plastic phase (phase 11) to 
the low-temperature ordered phase (phase I) [16,17]. The structure of this phase I is 
not known, but spectroscopic results suggest that it is orthorhombic with either qv 
or D, symmetry and four molecules per unit cell [ 171. 

Several spectroscopic arguments indicate that the molecule keeps a puckered 
equilibrium conformation in all the condensed phases [15-221. However, a recent 
Raman study of perdeuterated (cyD8) and monohydrogenated cyclopentenes -3h, 
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(Cy3H) and -4h1 ( C y 4 ~ )  have evidenced a new solid phase I’ [23]. This phase appears 
in the same temperature range as phase I and has not been obtained with the 
perhydrogenated ( ~ y H 8 )  and monodeuterated -3d, (Cy3D) cyclopentenes. In this phase 
1‘, the cyclopentene ring takes a planar comguration. 

Compared with the very detailed fine structure of the gas phase, the low-frequency 
ring-puckering s p e c r ”  in the condensed state presents only a few weak bands. 
Furthermore, it is situated in the same frequency range as the spectral densities arising 
from external motions of the molecule in the liquid state or lattice vibrations in the 
solid. Given these conditions, it is generally difficult to follow the evolution of the 
ring-puckering potential. As shown by several previous studies [12,24-271, the isolated 
vibrator CH (or CD) can then be used as a spectroscopic probe to study indirectly 
the internal dynamics of these monosubstituted flexible molecules in the gaseous and 
solid states. Indeed, it gives rise to a simple diatomic stretching spectrum modulated 
by the internal motion and situated in a spectral range convenient for precise infrared 
and Raman measurements. 

2. Experimental section 

n e  two monohydrogenated cyclopentenes -3h1 (Cy3H) and -4h1 (Cy4H) have been 
synthezised by the organotin route according to the procedure described in an earlier 
paper [13]. As already pointed out, Cy3H is obtained as a pure compound but Cy4H 
can only be obtained mixed with q 3 H  in almost equal proportion. In both cases, the 
isotopic purity is higher than 96%. 

The Raman spectra were recorded on a 224 Dilor triple monochromator equipped 
with a Hamamatsu R943-02 Peltier effect refrigerated photomultiplier. A Spectra 
Physics 171 argon-ion laser 514.5 nm beam at 200 mW filtered hy a Photo-Physics 
laser monochromator was used as the exciting radiation. The spectral resolution was 
1.3 cm-’. 

The liquid and solid samples up to 80 K were contained in a sealed tube placed in 
a Dilor continuous liquid-N, convection cryostat. The temperature was determined to 
at least &I K accuracy by a platinum resistance detector and controlled by a Thermel 
temperature regulator. For the solid phase at a temperature lower than 80 K, the gas 
was trapped on a copper block sealed at the cold head of a Cryodine 20. 

3. Results and discussion 

3.1. Low-frequency srudy in the crystalline phase I 
At a low temperature (20 K), in phase I, the Raman spectra of all the cyclopen- 
tene derivatives show several bands of varying intensity between 30 and 110 c m - I  
assigned to lattice vibrations [12,16, lq. The position of these bands is only slightly 
shifted when passing from perhydrogenated (CyH8) [16,17] (see also this work) to 
monodeuterated (Cy3D) [12] and to monohydrogenated (Cy3H) derivatives (figure 1 
and table 1) (in this region, the spectra of mixed Cy4H/Cy3H and pure q 3 H  are very 
similar). 

In this spectral region, two very weak and broad bands centred at 156 and 
180 cm-’ for QHS, at 153 and 175 cm-’ for cy311 [12] and at 132 and 153 cm-’ for 
Cy3H are also detected (figure 1). As shown in table 1, these two bands exhibit almost 
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Tabk 1. Low-bequzney Raman spectra of perhydrogenated Cyw and monohydrogenated 
Cy3H cyclopentenes in the cytalline phase I at M K The frequency ratio and the square 
mot of the ratio of mass M ,  of the principal moments (I-, Is and I,) of inenia and 
of ring-puckering reduced m m  w at z = 0 arc alw listed. 

GHH GD7H u(CsD~H)lv(C&b) JCsHs /C5DiH 

U 355 33.0 0.917 
46.0 43.5 0.946 

55.0 
70.5 67.0 0950 
85.0 785 0.923 

92.5 
106.0 99.0 0.934 
156.0 132.0 0.846 
180.0 153.0 0850 

W a u )  68 75 0.952 

I. (e m Z )  1 1 4 . 7 ~ 1 0 - ' ~  l + t ~ l O - ' ~  0.892 
r b  (kg mZ) 115.8~10- '~ 147.5xlO-" 0.886 
IC (kg m2) 2 1 1 . 9 ~ 1 0 - ~ ~  259.5~10-'~ 0.904 
v at I. = 0 (au) 117.88 174.67 0.821 

I 

Figure 1. Low-frequency Raman spectra of crys- 
tallized I cyclopentenes at 20 K spectrum (A) 
C5H& spectrum (B) C5D7-3H. 

the same isotopic effect. The observed isotopic frequency ratio (0.85) is lower than 
that of the other bands in this region (around 0.93) and close to the isotopic effect 
calculated for a ring-puckering mode in the harmonic approximation by using simply 
the ratio of the reduced masses of the ring-puckering motion (0.82 at o = 0 8, and 
0.83 at I = f 0.13 8, the coordinates of the maximum and of the minima of the 
potential, respectively). Furthermore, a strong damping of these bands is observed as 
the temperature increases (figure 2). They can thus reasonably be assigned to ring- 
puckering vibrations. At this temperature (20 K), only the two lowest ring-puckering 
levels are populated and thus the only intense Raman transitions are 10,O) -+ 10,2) 
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and l0 , l )  -+ 10,3). The corresponding transitions in the gas phase are situated at 
128.4 and 151.8 c m - I  for CyH8 [l-lo], 128.5 and 143.5 cm-’ for Cy3D 1111 and 117.6 
and 1223 cm-’ for ~ y 3 ~  1131. 

7 

? a x  P i p m  2. M-fIequency Raman spectra 

Owing to the poorness of the experimental data (only two puckering transition 
frequencies), the ring-puckering potential energy function in solid phase I cannot be 
precisely calculated. However, a rough determination of this potential can be made 
using the following assumptions. 

(i) The same expansion of the reciprocal reduced masses of the ring-puckering 
(seven terms through g6r6) as that calculated for the gas phase [10,11,13] is used 
for the solid state. 

(U) The ring-puckering potential is calculated with a onedimensional treatment. 
This approximation supposes that the ring-puckering motion is uncoupled with other 
modes. As shown in the gas phase studies on the coupling with the ringtwisting 
mode [10,13], this is actually not real and a fortiori in the solid state where the lattice 
modes could affect the potential. However, as previously djscussed 1131, a calculation 
including all these interactions is too complex and not possible at this time, as even 
the crystalline structure is not known. Then, the parameters of the potential function 
calculated in such an approximation are only ‘effective’ and their values reflect the 
effect of all the interactions with the other modes [13,28]. 

(i) As we have only two experimental data, we must lix the value of one of the 
three potential parameters V.,V, and V,. The parameters V, and V, principally 
determine the barrier and the shape of the potential and are thus highly affected by 
the change in physical state. On the contrary, the &-term may be assumed to have 
almost the same value as in the gas phase. Indeed, as shown previously 111,121 and 
confirmed by recent studies [13,29], the value of this &-term depends essentially on 
the CH and CD stretching vibrational energy difference between the two isomers. 
It can be reasonably assumed that this energy difference is not significantly changed 
when passing from the gas to the solid state. A variation in the value of the V,- 
term of up to 30% affects only slightly the values of the two parameters V, and V, 
(AV,/V, 2 O.9%;AV4/V4 Y 27%). Knowledge of the crystal structure and of the 
puckered conformation of the molecule in this solid phase could markedly improve 
this calculation. 
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Table 2. Ring-puck&ng potential parameters. barrier height H and dihedral angle B in 
the low-temperature aysullinc phase I of CyH4 Cy3D and Cy3H. The gas phase data are 
also given for comparison. p e  dihedral angle B is calculated by averaging Lhe extremes 
of the potential.) p e  reciprocal reduced mass expaosions g(=) uscd in the salculalbn 
a n  as follows: CyH8 834848 X10-3 - 24.1692 X 10-z22 - 0.22272' + 1.00682*; 
Cy3D 7.9121 X + 3.1638 X l O - ' 2  - 1.4737 X 10-2Z2 + 1.7794 X 10d3Z3 - 
2.4433 x 1 O - l ~ '  - 5.0182 x 10-205 f 9.1916 X 10-'ze; Cym 5.7251 X - 
3.0529 x IO-'= - 8.8111 x 10-szz + 3.2459 x 10-3r3 - 1.8688 x IO-'z' - 
9.4082 x 10-325 + 6.5928 X 10-'z6.) 

4209 

CyHS CY30 Cym 

S o l i  I GaS Solid I GaS solid I Gas 

V, (cm-1) -38365 -27uK) -39049 -26853 -40638 -26452 
V, (cm-') 0 0 910.7 910.7 952 952 
V4 (em-') -1273114 7 9 3 W  1362447 781449 1 713 639 745 024 
H (Em-') 289 233 281.4 2327 242.2 234.0 
6 24'3 25'8 23O6 2509 21'4 25'9 

The potential parameters calculated with these simplifying hypotheses show a 
strong increase in the quadraticand quartic terms (A&/& rz + 50% and AV,/V4 N 

+ 90%) compared with the gas phase potential [l-13,291 (table 2). This reflects 
the important contribution to the potential of the intermolecular forces The so- 
determined barrier height value increases in the solid state but to a smaller extent 
for Cy3H than for CyH8. Simultaneously, the decrease in the puckering angle is more 
and more pronounced as the number of deuterium atoms increases (table 2). These 
trends could indicate that the formation of a new solid phase 1', characterized by a 
planar conformation of the cyclopentene ring, is easier in the phase diagram of the 
multideuterated isotopic derivatives [U]. 

3.2. CH stretching vibration study in condensed phases 

In the gas phase, the CH oscillator is modulated by both ring-puckering motion 
and overall rotation and the effects of these two motions on the u(CH) profile are 
easily separable and allow a simple analysis 1291. In the crystallie phase at low 
temperatures, the cyclopentene molecules oscillate about their bent conformation in 
a ring-puckering potential well and the intermolecular forces are expected to con- 
tribute significantly to the shape of this ring-puckering potential. As the temperature 
increases, the potential is submitted to stronger and stronger fluctuations of the 
phonon bath. At the transition to the liquid and plastic phases, the characteristic 
times of the ring puckering and of the whole molecule motions become of the same 
order of magnitude [15,18,20-22] and the low-frequencq. vibrational spectra become 
very broad and featureless. 

3.2.1. @erimeNal results. The evolution of the Raman spectra in the v(CH) spectral 
region as a function of temperature is shown in figure 3 for pure Cy3H and mixed 
Cy3H434H. 

In the case of pure Cy3H, the intense gas phase lines at 2885.5, 2909.5 and 
2933 cm-' merge into a broad profile centred at 2895 cm-' in the liquid phase 
at room temperature. In the cold liquid, chis profile splits into two broad bands, 
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Figure 3. v(CH) Raman specln (a )  of mixed cyclopenlenes QIH and Q4H and ( b )  Of 
pure cyclopenlene Q3H in lheir different phpical sLalg. 

which move apart from each other up to 2878 and 2912 cm-' as the temperature 
decreases. These frequencies are changed very little in the plastic phase. In the crys- 
talline phase I, the u(CH) profde exhibits an intense narrow and slightly asymmetric 
band at 2881.5 cm-' and two less intense bands at 2913.5 and 2920 an-'. The weak 
bands at 2928 and 2948 cm-' are due to Cy4H isotopic impurity. 

In the case of mixed c y 3 ~ - ~ y 4 H ,  the u(CH) profile corresponding to the pure 
C y 4 ~  compound is superimposed on that of Cy3H described above and presents a 
similar evolution with temperature. The intense gas phase peaks at 2933, 2947.5 and 
2958.5 cm-' merge, in the liquid phase, into a broad profile centred at 2938.5 cm-' 
which splits into two broad bands at 2923 and 2940 cm-' in cold liquid. In the 
crystalline phase I, we observe a doublet at 2928 and 2932 cm-' and a band at 
2947.5 cm-' with a weak shoulder at 2942.5 cm-'. 

3.22 Analysis of the crystnlline phase I. In principle, the u(CH) spectra in the low- 
temperature solid phase are simple to analyse because the energy levels are still weU 
defined and only the lowest levels are populated, which simpIify the transition scheme. 
Indeed, only hvo principal u(CH) bands are observed (figure 3). As in the gas phase 
[29], the frequency splitting between the two v(CH) bands of Cy3H (32 cm-') is 
almost twice that observed for Cy4H (19 cm-'). It can thus be supposed that the 
lower-frequency band is due to the transition l0,O) + Il,O) and corresponds to the 
axial v(CH) whereas the higher-frequency band is due to the transition 10,l) + I1,l) 
and corresponds to the equatorial u(CH). The transitions l0,n) -+ 11, n )  with n > 1 
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have disappeared owing to depopulation of the levels 7~ > 1. Because of the lack of 
experimental data, the ring-puckering potential in the first excited state of u(CH) can 
be determined only roughly. The value of the WO parameters V, and V, cannot be 
precisely determined because of their very weak effect on the two observed transitions. 
Their variations between the ground and the first u(CH) excited state are assumed to 
be similar to those calculated for the gas phase. The calculated values of Vi are then 
of the same order of magnitude as those determined in the gas phase [29] (table 3). 

Table 3. Ring-puckering potential parameters in the Grst excited CH stretching state and 
calculated u(CH) transition frequencies and intensities in solid 1 q3H and q4H. (The 
same ieeipmeal reduced mas cxpansions as thnse of table 2 are used.) 

q 3 H  -40687 14337 in5635 28a1.5 1.0 2913.0 0.86 
Cy4H -39262 8511 1636478 2928.0 1.0 2947.5 0.89 

3.23. Ana@& of theplastic and liquid phases. The assignment of the doublet present 
in these phases up to 253 K follows that of the crystalline phase. Around 295 K, the 
spectrum exhibits only one broad band. A qualitative explanation of this behaviour 
can be given by analogy to the well known NMR phenomena of coalescence when fast 
exchange reactions occur. 

In this case, the coalescence of the two v(CH) peaks of Cy4H, split by 19 cm-l at 
20 K, is complete at 295 K, whereas that of the two v(CH) peaks of Cy3H, split by 
32 an-' at 20 K, begins. The exchange rate 7-l between the two conformers can 
thus be evaluated to be between 4 x 10" and 6 x 10" s-l at this temperature. This 
value is in good agreement with those previously determined by other methods on the 
perhydrogenated cyclopentene (around 5 x s-l at 3iN K and 1OI2 s-l at 220 K 
from l3C TI NMR relaxation time measurements (181, and around 1.1 x lo'* s-' at 
180 K by analysis of the quasi-elastic neutron scattering profile (161). 

A better description of these results would require some more elaborate theo- 
retical developments than the elementary jump model between two conformations. 
The latter is indeed insufficient to describe the conformational exchange at room 
temperature where numerous molecules are in excited ring-puckering states close to 
or above the top of the barrier. This work is in progress. 

4. Conclusion 

In the low-frequency spectral region of the solid phase I, two weak, broad and 
temperaturedependent Raman bands are assigned to the ringpuckering motion. 
They allow a rough but reasonable determination of the ring-puckering potential 
energy function in the one-dimensional approximation. The so-determined potential 
barrier is only slightly higher and the puckering angle slightly smaller than the gas 
phase values. The increase in the potential barrier becomes smaller, and the decrease 
in the bent angle larger, as the deuterium atom number increases. This could explain 
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why the solid phase I’, characterized by a planar conformation of the cyclopentene 
ring, can be obtained easily in the multideuterated cyclopentenes 1231. 

The two v(CH) bands observed in the Raman spectra of the condensed phases of 
Cy3H and Cy4H are assigned to specific transitions l0,O) + I l , O )  and l0,l) + 11.1) 
involving the excitation of the CH oscillator in its axial and equatorial configura- 
tion. With increasing temperature, a coalescence of these two lines occurs, implying 
an exchange rate between the two conformations of about 5 x 10l2 s-l at room 
temperature, in good agreement with other previous independent determinations. 
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