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Classical Monte Carlo and molecular dynamics (MD) simulations were carried out to 
investigate the structures, the infrared spectra, and the rigid-nonrigid transitions of small 
methanol clusters (CH30H). for n=3-6. The study was motivated by experimental results for 
these clusters from size specific infrared (IR) dissociation spectroscopy. The MD simulations 
revealed the following transitions: The trimer passes from a rigid ring configuration into a series 
of nonrigid open chain structures starting at 197 K. For n =4 and 5 such transitions occur 
between rings and rapidly fluctuating ring structures at T=357 and 243 K, respectively. For 
n=6 first a pure isomeric transition between the two energetically lowest isomers of S, and C, 
symmetry is found at 35 K, and then a similar transition to a nonrigid behavior as is observed 
for n = 4 and 5 is seen at 197 K. The measured spectra display in all cases the rigid lowest energy 
configurations. 

I. INTRODUCTION 

The nature of phase transitions in finite systems and 
especially the applications to clusters have attracted much 
interest in recent years. The great majority of the investi- 
gations have been carried out by computer simulations and 
some general concepts emerged connected with the names 
of Berry, Jortner, and co-workers.‘-4 The “melting” of 
clusters is, in general, described as isomerization between a 
multitude of isomers. The gross features of the size and 
temperature dependence of this cluster isomerization cru- 
cially depends on their interaction and their chemical 
properties. Weak short range interactions in rare gas clus- 
ters like Ax-,, lead to a large number of isomers and phase 
transitions occur preferentially between the lowest energy 
configurations, usually belonging to an icosahedral growth 
sequence, and the many other isomers leading to a transi- 
tion temperature range in which both, a solidlike and a 
liquidlike “phase,” are present. Strong long range interac- 
tions in alkali halide clusters involve isomerization between 
a very small number of well characterized isomers, a nice 
example being the cube-+ ring transition of ( NaC1)4.5*6 
Similar results have been obtained for (KCl) n clusters.’ In 
both binding types the melting temperature decreases with 
decreasing cluster size and is lower than the bulk value, a 
result which was also observed experimentally for metallic 
clusters supported on a substrate’ and which can be ratio- 
nalized by thermodynamical arguments. 

A somewhat different result has been obtained for het- 
eroclusters which consist of an aromatic molecule which is 
embedded in or on a rare gas cluster.’ Here an occurrence 
of several hierarchical isomerization phenomena was ob- 
served, i.e., correlated surface motion, surface melting, side 
crossing, wetting-nonwetting, and rigid-nonrigid transi- 
tions.” In contrast to what has been seen so far, the tem- 
perature onsets of most of these transitions are not uniform 
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or tend to decrease with increasing cluster size reflecting 
finite microsurface effects. l1 

Systematic investigations of the size dependence of 
phase transitions for neat molecular clusters have, aside 
from one exception for small ( COZ) n clusters from n = 3 to 
13,” not been performed. In simulations of ( C6H6)4 (Ref. 
13) and of (H,O), (Ref. 14) the temperatures of the 
rigid-+nonrigid transition were found to be considerably 
lower than those associated with the bulk material. Similar 
results have been obtained for large ( CC14) n ,I5 (H,O) n ,I6 
W6L” and (CO,), (Refs. 22 and 23) clusters. 

Experimental information on these phase transitions is 
difficult to get. Electron diffraction studies provide results 
on temperatures and structures.‘8’19 The spectroscopic in- 
terrogation of the vibrationa120P2’P24 and electronic9-“~25 ex- 
citation of homogeneous clusters or guest molecules in het- 
eroclusters attracted considerable attention. In case of the 
infrared (IR) -spectra the simulations revealed detailed de- 
pendences on the local structure, the surface and interior 
states as well as melting phenomena. The experiments, 
however, are performed with a distribution of cluster 
sizes26 so that accurate conclusions cannot be drawn. In 
case of electronic excitation, the size dependence of the 
spectroscopic line broadening was interpreted in terms of 
cluster isomerization phenomena. Detailed simulations, 
however, showed that the gradual line narrowing can, in 
some cases, be attributed to a combined effect of homoge- 
neous line broadening and the isomer specificity of spectral 
shifts.‘0V1’P25 Single isomers, however, are identified by their 
spectral and ionization potential shifts and their radiative 
lifetimes. 

In this contribution, we will present Monte Carlo 
(MC) and molecular dynamics (MD) simulations both of 
the temperature dependence of infrared spectra and the 
isomeric transitions of small homogeneous methanol clus- 
ters from the dimer to the hexamer. This choice was mo- 
tivated by the fact that for these systems infrared spectra 
were measured in the region of the CO-stretching mode for 
size selected clusters.27’28 In addition, methanol plays an 
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important role as a polar solvent with a linear hydrogen 
bond which is different from water. Because of the two lone 
pair orbitals and two H-atoms the coordination number in 
the condensed phases of water is near 4, while the phases of 
solid methanol are known to be made up of parallel hydro- 
gen bonded chains with coordination number 2. Similarly, 
the dominating structures of liquid methanol are long 
winding chains with occasional branching points. On the 
other hand, it is well known that thermodynamic proper- 
ties in the gas phase like the thermal conductivity clearly 
demonstrate the existence of larger clusters in ethanol va- 
por.29 

In the following, we first summarize the model used for 
calculating the structure and the frequency shifts of the 
vibrational spectra. We then describe the simulation tech- 
niques, present the spectra as a function of temperature, 
compare the results with experiments, and show some re- 
markable changes which can be associated with isomeriza- 
tion. In the final section these phase transitions are further 
investigated by their caloric curves, relative bond length 
fluctuations, and their time dependent mean square dis- 
placements. 

II. DETAILS OF THE SIMULATIONS 

A. The methanol pair potential 

The most basic requirement for simulations of struc- 
tural as well as spectroscopic properties of clusters is the 
choice of a realistic interaction potential. Since ab initio 
calculations for the systems considered here are still ex- 
tremely expensive, we use the empirical optimized poten- 
tial for liquid simulations (OPLS) designed by Jor- 
gensen.30 It was derived by fitting a simple potential 
function to various thermodynamic and structural data of 
liquid alcohols. In this model each methanol molecule is 
represented by three potential sites placed at the positions 
of the hydroxyl H atom, the 0 atom, and the methyl 
group, respectively. Then the total interaction energy is 
calculated by summing up all pairwise site-site interac- 
tions. The isotropic potential between each pair of sites i 
and j as a function of their distance rij is given by the sum 
of a Coulomb and a Lennard-Jones 12-6 term 

1 qrQj Aij Cij v,=-- - 
4neo rij +J??-‘;u: * 

‘J ‘J 
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TABLE I. Potential parameters of the OPLS model of methanol. 

W  
0 
H 

9ifc 

+0.265 
-0.700 
+0.435 

Wpm 

384 
307 
. . . 

e/kJ mol-’ 

0.799 
0.711 

. . . 

Ci= 4E*~~. (3) 

The values of the OPLS potential parameters qi, Ei, and (Ti 
are summarized in Table I. The predicted minimum energy 
structures obtained for this potential model are discussed 
in our previous study on structure and infrared spectra of 
small methanol aggregates.32 In that study the OPLS 
model is also compared with other interaction potentials. 
Here, we only present a brief review of the main structures 
in Sec. III A. 

Calculations have been performed to test the sensitivity 
of the conclusions of the paper to the potential model used. 
We utilize the intermolecular potential of Ref. 33 which 
will be referred to as PHH3. This PHH3 potential uses a 
combination of exponential and power law dependencies 
for all atomic interactions. It gives a better description of 
the dimer properties than OPLS, which did not take ac- 
count of interactions of the two H atoms. 

B. Monte Carlo simulations 

With increasing temperatures a cluster can explore 
wider and wider regions of its configurational space. One 
technique to simulate this process of thermal averaging is 
the classical MC integration over the accessible phase 
space. For a given temperature and a given number of 
particles a canonical distribution of cluster configurations 
is generated using the standard “random walk” algo- 
rithm.34 Assuming the molecules to be rigid, their positions 
and orientations are described by six coordinates, three 
Cartesian coordinates x,y,z specify the position of the cen- 
ter of mass and three Euler angles @,lc, give the orienta- 
tion of each molecule.35 Using this set of coordinates, a 

(1) Monte Carlo move is defined by the following equations: 

x,=x,+W1-lMrm,,, Yn=h+X~2-11~rmax, The parameters Aij and Cij describing the interaction of 
the sites i and j can be calculated using the empirical com- 
bination rules 

Aij= Q& 

and 

Cij= ~ (2) 
from the parameters Ai and Ci which are easily obtained 
from the Lennard-Jones parameters Ei and (Ti using the 
relations 

Ai=4Epf2 

and 

z,=zo+2(~3-lWm,, ~n=db+2(~~-lM&ax, 
(4) 

cos cJ,=cos 8,+2(~5-l)S(cos 19),,,, 

where the indices n and o stand for “new” and “old,” pi are 
random numbers from a uniform distribution over the in- 
terval [0, 11, and Sr,,, , S&,,, , 6 (cos e),,, , and SlcI,,, are 
the maximum sizes of the attempted moves in the respec- 
tive coordinates. Note that in the fifth equation we incre- 
ment cos 0 instead of 0 in order to sample uniformly the 
orientational space spanned by the Euler angles,36 A ca- 
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nonical distribution is constructed from the so defined 
moves applying the usual criterion for the acceptance of 
the random moves. A new configuration is always accepted 
if the change in potential energy AE associated with this 
move is negative, or else it is accepted with a probability of 
exp( - AE/k,T), where T is the temperature and k, is the 
Boltzmann constant. 

In this way Monte Carlo simulations are carried out 
for methanol clusters ranging from the trimer to the hex- 
amer. The initial configurations for the runs are the ener- 
getically lowest configuration of each of the aggregates as 
discussed in Sec. III A. The maximum widths are chosen 
such that -50% of the attempted moves are accepted. 
Typically, thermal equilibrium is reached after 104-lo5 
MC steps. Then ensemble averages are obtained over the 
next lo6 steps of the simulation runs. To guarantee statis- 
tical independence, only every 100th configuration is in- 
cluded in the process of averaging. 

C. Molecular dynamics simulations 

Classical, constant energy MD simulations were car- 
ried out for cluster sizes n = 3, 4, 5, 6, and a range of total 
energies. The molecules were treated as rigid rotors, split- 
ting the equations of motion into translational and rota- 
tional ones. Since the Eulerian equations of motion possess 
singularities at 8=0, rr,‘* they are inadequate for use in a 
numerical integration scheme. For MD simulations Evans 
first introduced the quaternion parameters giving 
singularity-free expressions.36-38 We follow this approach 
using a Gear fifth- and sixth-order predictor-corrector al- 
gorithm for the integration of the translational and rota- 
tional equations of motion, respectively.39 

A time step of 0.6 fs was chosen for runs of lo6 steps 
length or 0.6 ns. The noise and drift@ of the total energy 
under these conditions were (0.3% and (0.05% per ns for 
all simulations, respectively. For a given cluster size a sim- 
ulation series consisted of the following parts: ( 1) Choice 
of initial conditions. The lowest minima positions of 
(CH,OH). found in Ref. 32 were slightly distorted from 
their equilibrium configurations and used for the first sim- 
ulation of a series. Note that the distortion from the equi- 
librium structures is essential in the procedure for the tri- 
mer and tetramer configurations since they are planar 
yielding only two-dimensional results otherwise. (2) Cali- 
bration. To calibrate the temperature of the simulation the 
velocities were periodically scaled to a reference tempera- 
ture T, every 400 time steps which was repeated 30 times. 
The last phase space point of a simulation served as an 
input for the next one in a series. T, was changed by 2 K 
from simulation j to j + 1. (3) Equilibration. The systems 
were allowed another 12 000 time steps to relax and reach 
their thermal equilibrium. (4) Evaluation of relevant phase 
space points. After equilibration every tenth time step was 
used to calculate the quantities of interest. 

Thus thermal equilibrium is reached after 12 ps and 
the runs are extended to 0.612 ns. The time scale of evap- 
oration of a monomer from a hexamer cluster is estimated 
to be in the order of 50 ns for the temperature 300 K using 
the standard procedures of unimolecular decay.41 There- 

fore evaporation does not influence the calculated results. 
This is in qualitative agreement with the simulations in 
which no evaporation is observed. 

D. Ensemble averages 

Having in mind the objective of finding and character- 
izing structural transitions for these clusters, the following 
quantities were calculated: 

( 1) While in the MC simulations the internal temper- 
ature T of the cluster can be chosen as a parameter, it is 
calculated in the MD calculations using the equipartition 
theorem. The internal temuerature T of the cluster is then 
given by424 

(5) 

where Ekin is the kinetic energy of the system, n is the 
number of molecules in the cluster, k, is the Boltzmann 
constant, and () denotes an average over the whole trajec- 
tory. The temperature is given with the statistical error 
based on the 95%-confidence limit 

CT)=; j, T/d%, ’ 
5’ 

where 
2 

x;=:=, Tk-; ZTk 
.S= 

m-l 9 (7) 

Tk is the temperature calculated over the mth part of the 
trajectory, and a,,, is the 0.975 fractile of Student’s distri- 
bution for m observations.45 The statistic was calculated 
for m=25, 30, 50, giving smallest uncertainties in T for 
m=50 which are reported here. 

(2) The relative root-mean-square (rms) bond length 
fluctuations S,, (Refs. 42-44) of the centers of mass of the 
molecules 

2 

&In= 

i ((s,);;~)2Y’2, 

n(n-l) i<j 

(8) 

where rij is the distance between the centers of mass of 
molecule i and j. According to the Lindemann criterion46 
a substance undergoes melting when S reaches - 10%. 

(3) The distribution h(r) of distances ri from the cen- 
ter of mass of molecule i to the center of mass of the cluster 

h(r) = (i j, Jl G(r’-r)dr’) , (9) 

where S denotes the Delta-function. 
(4) The mean square displacements (MSD) of the 

center of mass positions ri of the molecules as a function of 
time 

(r(t)2) =‘A 3 
nton j=l 

(10) 
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where nb is the number of different time origins. Note that 
the slope of the MSD is directly proportional to the diffu- 
sion coefficient. Because this quantity is time dependent it 
cannot be obtained from the MC simulations. 

E. Infrared spectra 

Besides the ensemble averages of structural properties 
much information about microclusters can also be gained 
from their spectra, In this work we restrict ourselves to the 
simulation of infrared spectra in the region of the us fun- 
damental band of methanol. This vibrational band corre- 
sponds to excitation of the CO stretching mode. For free 
molecules this absorption lies at 1033.5 cm-‘.31 In molec- 
ular clusters this frequency may be shifted and split due to 
the intermolecular forces. In experiments with size selected 
clusters frequency shifts in the order of *20 cm-’ were 
detected.27’28 

In order to simulate these spectra we make use of a 
hybrid method. The intramolecular vibrations of the mol- 
ecules constituting a cluster are treated by a quantum me- 
chanical method while the thermal averaging over the in- 
termolecular degrees of freedom is achieved using classical 
MC or MD procedures. This choice is justified by the fact 
that the intra- and intermolecular forces as well as the 
corresponding densities of states differ by several orders of 
magnitude. According to this hybrid scheme our proce- 
dure will be split into two different parts. 

( 1) We need a recipe to calculate the shifts of intramo- 
lecular vibration frequencies for a given configuration of 
the molecules in a cluster. Here we use a method based on 
degenerate perturbation theory. For details of this proce- 
dure the interested reader is referred to Ref. 32. The main 
idea is as follows: Assuming the amplitudes of the vibra- 
tional motions to be much smaller than the separations 
between the molecules, the intermolecular forces can be 
treated as a quantum mechanical perturbation acting on 
the normal mode vibrations of the molecules.47Y48 Coupling 
of vibrational modes of identical molecules is treated in 
first order perturbation theory for degenerate states. It 
leads to a splitting of the frequencies corresponding to the 
excitation of different collective modes of vibration of the 
complete cluster. These modes can be viewed as linear 
combinations of the respective normal modes of the con- 
stituent molecules. In the same way also transition dipole 
moments can be calculated as a vector sum of the moments 
of the individual molecules. Further corrections of the ab- 
sorption frequencies are obtained in second order. In these 
formulas the inter/intramolecular coupling of vibrational 
modes plays an important role.49 The required cubic force 
constants of the methanol molecule are taken from self- 
consistent field (SCF) ab initio calculations of Schlegel 
et al.” 

(2) The spectral line shifts calculated with this proce- 
dure are then thermally averaged over a canonical or mi- 
crocanonical distribution of cluster configurations which 
has been generated using MC or MD techniques, respec- 
tively, as described in the previous sections. For each of the 
molecular arrangements in the ensemble instantaneous 
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FIG. 1. Calculated minimum configurations of the methanol trimer. Up- 
per panel, the lowest minimum structure of CJh symmetry and a binding 
energy of AE=-73.44 kJ/mol. Lower panel, a chain structure with a 
binding energy of AE= - 59.47 kJ/mol. 

spectra are calculated using the above-mentioned pertur- 
bation scheme. The resulting absorption frequencies are 
binned into a histogram weighted with their appropriate 
infrared intensities which are proportional to the square of 
the respective transition dipole moment obtained in first 
order perturbation theory. 

Ill. RESULTS AND DISCUSSION 

A. Structural properties 

In this section we give a brief discussion of the struc- 
tural properties of the investigated methanol clusters using 
the OPLS potential. A more detailed description of the 
lowest energy configurations and some of the isomers of 
the hexamer is given in Ref. 32. 

The methanol dimer is characterized by a linear 
0-H. * -0 hydrogen bond with an O-O distance of 274 pm 
and a binding energy of AE= -28.53 kJ/mol using the 
OPLS potential model. For the trimer only six minimum 
configurations were found, one ring (r) and five chainlike 
(c) structures. The binding energies of AE= -73.44 kJ/ 
mol (r), -62.80 kJ/mol (c), -62.63 kJ/mol (c), -59.93 
kJ/mol (c), - 59.47 kJ/mol (c), and - 52.27 kJ/mol (c) 
can be divided into four well separated groups. The results 
for the deepest ring and one of the chain structures are 
shown in Fig. 1. Both trimer and tetramer are symmetric 
(Cnh) in their most stable structures with the hydroxyl 
groups arranged in planar rings. The binding energies of 
AE= -73.44 and - 124.78 kJ/mol are considerably larger 
than those of chainlike arrangements. For the larger sys- 
tems planar ring structures are no longer energetically fa- 
vored. The pentamer ( AE= - 166.19 kJ/mol) shows an 
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FIG. 2. The two lowest minimum configurations of the methanol hex- 
amer. Upper panel, the lowest minimum structure of S’, symmetry and a 
binding energy of AE= -204.13 kJ/mol. Lower panel, a structure with 
C, symmetry and a binding energy of AE= -203.47 kJ/mol. 

asymmetric distorted configuration, while for the hexamer 
a variety of isomers occurs. There are two nearly degener- 
ate isomers of S, symmetry ( AE= -204.13 kJ/mol) and 
CZ symmetry ( AE= -203.47 kJ/mol) which are shown in 
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Fig. 2. Further stable structures which consist of rings with 
attached molecules or dimers are only a few kJ/mol less 
stable. 

For the somewhat weaker PHH3 potential essentially 
the same minimum energy configurations are found. For 
the hexamer, these are the isomer of S, symmetry (AE= 
- 162.45 kJ/mol) and Cz symmetry (AE= - 162.44 kJ/ 
mol) which are closer together than those calculated for 
the OPLS potential. 

6. Simulated infrared spectra 

In this section we discuss the simulated infrared spec- 
tra of small methanol aggregates. They were generated us- 
ing the mixed classical/quantum mechanical procedure as 
is discussed previously. The thermal averaging over a ca- 
nonical ensemble was carried out using the Monte Carlo 
technique described in Sec. II B. Figures 3(a) and 3(b) 
show as example the simulated absorption spectra for the 
cluster sizes n = 4 and 6 with the temperature varying from 
T= 1 to 100 K. One feature common to each of the series 
of spectra is the general tendency of broadening of the 
spectral lines with increasing temperature. For the lowest 
temperature ( T = 1 K) the (inhomogeneous) widths of the 
lines range from 1 to 5 cm-‘. Their positions are not 
shifted with respect to the frequencies obtained for rigid 
clusters at T =0 K. These numbers can be found in our 
earlier publication.32 For increasing temperatures, how- 
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FIG. 3. (a) Simulated absorption spectra of the methanol tetramer at different temperatures in the region of the fundamental CO-stretching mode 
(v= 1033.5 cm-‘). (b) Simulated absorption spectra of the methanol hexamer at different temperatures in the region of the fundamental CO-stretching 
mode (Y= 1033.5 cm-‘). 
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ever, the clusters become flexible and start to distort from 
their minimum energy configuration. Accordingly, the 
widths of the absorptions in the averaged infrared spectra 
are growing. At T = 100 K almost all characteristic spec- 
troscopic patterns are lost and the simulated spectra show 
only very broad absorptions. 

Interesting features can be observed in the spectra of 
the complexes exhibiting symmetric ring structures. At 
very low temperatures the spectra are still dominated by 
the symmetry of their respective minimum energy config- 
urations. For the trimer (n =3) and the tetramer (n=4) 
the most stable isomers are of Cnh symmetry. Accordingly, 
the representations of the CO stretching vibrations (us) of 
these aggregates can be reduced into I( us) =A’ + E’ for 
n = 3 and r (vs) =A,+ Bg+ E, for n = 4. This leads to only 
one absorption band in each of the spectra corresponding 
to an excitation of the infrared active E’ and E, mode, 
respectively. Similarly, for the most stable isomer of the 
methanol hexamer, the S6 symmetry considerably simpli- 
fies the spectrum. There the representation I’( vs) =A,+ Eg 
+A,+E,, gives rise to only two infrared active modes (A, 
and E,). 

For finite temperatures the increasing nonrigidity of 
the clusters causes a gradual loss of symmetry. This may, 
in general, lead to different kinds of features in the spectra 
of the near symmetric complexes. ( 1) Excitations of vibra- 
tional modes which for T =0 are infrared forbidden (de- 
noted previously A’ or with a subscript g) appear in the 
spectra, and (2) the degeneracy of the E modes is re- 
moved. An example for the first phenomenon can be found 
in the simulated tetramer spectra depicted in Fig. 3(a). In 
addition to the E,, absorption a new peak shows up at 
T=lO K in the region of 1030 cm-‘. With increasing 
temperature it gains infrared activity until at around 
T=50 K it fuses with the E,, peak due to the general 
broadening. Our frequency shift calculations show that this 
peak can be attributed to the excitation of a vibrational 
mode corresponding to the Bg mode of the C,, symmetry 
of this complex. Similar observations are made for the sim- 
ulated hexamer spectra shown in Fig. 3(b). Here the in- 
frared intensity near 1080 cm-’ found in the spectra for 
T= 5 and 10 K corresponds to the A, mode of the isomer 
of S, symmetry. 

The expected splittings of absorption peaks corre- 
sponding to the excitation of E modes are hard to detect 
because this effect competes with the immense line broad- 
ening. Furthermore, fine details are obscured by the nu- 
merical noise of the Monte Carlo simulations. The E, ab- 
sorption in the hexamer spectra (near 1050 cm-‘) for 
T = 5 and 10 K is the only one clearly exhibiting a bimodal 
structure, while there are no clearly visible frequency split- 
tings in the E, absorption bands of the tetramer spectrum 
[see Fig. 3(a)]. For the pentamer which is not shown the 
opposite effect occurs. The three strongest lines of the spec- 
trum at 1051, 1055, and 1061 cm-’ coalesce at 20 K to one 
broad line without structure. 

Closer inspection of the hexamer spectra depicted in 
Fig. 3(b) reveals yet another interesting peculiarity. Aside 
from the effects related to the transition rules and to the 

removal of degeneracies there are characteristic changes 
between T =20-50 K. The onset of absorption in the fre- 
quency regions 1020-1040 cm-’ and 1080-1100 cm-’ is 
stronger than the usual line broadening observed in the 
spectra for the other cluster sizes. Furthermore, there is a 
shift of the position of the outer peak from 1070 to 1080 
cm-‘. For these reasons, the changes might be interpreted 
as a transition where the hexamer crosses the potential 
barrier between its S6 symmetry configuration to the sec- 
ond most stable isomer of Cz symmetry. The latter bears 
strong infrared intensity in its A mode at 1067 cm- ’ and in 
its B modes at 1036 and at 1078 cm-t as shown in Fig. 6 
of Ref. 32 and as arrows indicate in Fig. 3(b). The result- 
ing change in the shape of the absorption bands may, there- 
fore, be understood as an infrared signature of an isomer- 
ization transition. Since this transition is, however, not 
very sharp, we will examine the question of isomerization 
transitions more closely in Sec. III D where structural 
properties obtained in the simulations will be discussed. 

C. Comparison with experiment 

The calculated spectra of the excitation of the CO 
stretching mode as function of temperature allow a direct 
comparison with the measured spectra of size selected clus- 
ters.27v28,51,52 For smaller clusters up to the tetramer, two 
different methods for size selection have been used which 
lead to different internal temperatures. In the experiments 
of Refs. 27 and 51 the clusters are first size selected in a 
scattering process with atoms in which they are internally 
excited and then they interact with the laser for dissocia- 
tion. In the experiments of Refs. 28 and 52 the interaction 
with the laser takes place before the size selection by scat- 
tering so that cold clusters are dissociated. Consequently 
the width of the dissociation spectra l? is found to be -4 
cm -I for n = 2, 3, and 4.52 These results have to be com- 
pared with those obtained in the other experimental ar- 
rangement which give 19/29 cm-i for n =2, 13 cm-’ for 
n=3,9cm-tforn=4,7cm-‘forn=5,and6/8cm-’for 
n=6, if we take the results of Table V of Ref. 27. If we 
interpret the measurements as essentially inhomogeneously 
broadened, we can derive temperatures by comparison 
with the Monte Carlo simulations of the last section. The 
results are temperatures of -1-5 K for the experiments 
with small, cold clusters and values of 50 K (n = 2)) 20 K 
(n = 3), and 5 K (n=4,5,6) for the experiments with in- 
ternally excited clusters. Even if we take into account that 
classical simulations with quantum mechanical calcula- 
tions for the line shifts overestimate the widthss3 and thus 
underestimate the derived temperatures, the relative trends 
are reproduced as expected. The temperature difference 
which is obtained from the simulation for the two experi- 
mental data sets is largest for the dimer. Then this differ- 
ence gradually decreases for the larger clusters. Such a 
behavior is certainly influenced by the increasing number 
of degrees of freedom for larger cluster sizes. In case of the 
dimer we have an independent measurement of the amount 
of energy which is deposited in the cluster. It gives for the 
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FIG. 4. The relative rms bond length fluctuations a,, vs temperature T 
for n=3, 4, 5, and 6. Arrows indicate the transition regions between 
different isomeric states for n=3 at T=: 197, 222, and 253 K, for n=4 at 
T-357 K, for n=5 at T-243 K and for n=6 at T-35 and 197 K. 

system under study 259 kJ/mol which corresponds to 290 
K (Ref. 5 1) and which is indeed much larger than the 
value derived from the MC simulations. 

In case of the hexamer we have additional information 
on the temperature of this cluster which is much more 
reliable. Aside from the width r which gives 5 K and 
which is probably too small, we definitely know from the 
measured spectrum that only the isomer of the lowest en- 
ergy with S, symmetry is present in the beam. Only this 
isomer exhibits a two band structure which is still present 
in the simulation at 20 K. At 50 K the influence of the next 
isomer of C, symmetry comes into play. Thus we conclude 
that the temperature of the beam must be lower than the 
temperature of this isomeric transition. This value is still 
much lower than the one calculated on the basis of evap- 
orative cooling.54 On the other hand, these findings open 
up the possibility to use the dissociation spectra as clear 
indication for this phase transition. Experiments in this 
direction are under way. 

D. Structural transitions 

The calculated spectra presented in Sec. III B show 
evidence for a structural transition in methanol clusters. 
We now want to investigate these transitions in more de- 
tail. Let us consider first the relative rms bond length fluc- 
tuations S,, as a function of temperature T in Fig. 4: An 
almost linear increase of S,, with increasing T is an indi- 
cation of the thermal expansion of the system. The mole- 
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FIG. 5. The caloric curve of the methanol trimer. Arrows indicate the 
transition regions between different isomeric states of the trimer at 
T=: 197, 222, and 253 K. 

cules of the cluster vibrate about their well-defined mini- 
mum positions, but the system cannot pass over any 
potential barriers. An abrupt rise in S,, , however, marks a 
structural transition. The newly accessed configuration 
space reveals further local minima on the corresponding 
potential hypersurface and the fluctuation between these 
minima accounts for the sharp rise in S,,. In the caloric 
curve in Fig. 5 which is only shown for the trimer each 
“phase” can be attributed to a range with its own func- 
tional dependency of T upon E. For the bulk such ranges 
usually have well-defined separation points and Ehrenfest’s 
classification of phase transitions makes direct use of the 
functional properties at these points. For clusters, however, 
there are no such well-defined separation points, because a 
phase transition smears out over a temperature range 
around the transition temperature due to finite size ef- 
fects.‘5’56 Considerable work has been done in characteriz- 
ing the “phases” of a cluster,42,57P7 the essential features of 
which have already been mentioned in the Introduction. 

We will discuss the results for the different cluster sizes 
separately. 

1. Trimers 

Six different minima were found for the trimer that can 
be energetically divided into four well separated groups 
consisting of rings and chains. Therefore we would ideally 
expect three different branches in the caloric curve and 
three abrupt rises in the S,, curve. A close inspection of 
Fig. 4 (lowest panel) and Fig. 5 indicates that, indeed, 
these features can be found for the &,-curve at - 197, 222, 
and 253 K. The structural transitions at -222 and 253 K 
can also be observed in the caloric curve while the one at 
- 197 K is not evident. Obviously our MD runs were too 
short so that the system could stay for the whole run in a 
single isomeric state or fluctuate between different isomeric 
states that were accessible, depending on the initial condi- 
tions. The structural transitions were also confirmed by 
visual inspection of trajectories at different temperatures T 
on our workstation computer, where the most significant 
change with rising T is the ring opening. At higher tem- 
peratures the system spent considerable simulation time in 
the linear chain structures as are described in Sec. III A. 
This is further confirmed by the distribution of distances of 
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the center-of-mass of the molecules to the center-of-mass of 
the cluster which are displayed in Fig. 6. The lowest panel 
of Fig. 6(a) shows a single narrow peak reflecting the rigid 
ring structure at 51 K. The next panel shows the results 
taken at 283 K. Around the broad peak in the middle, two 
peaks have appeared which reflect the fluctuating chain 
structure of the higher lying isomers. 

2. Tetramers and pentamers 

The &,-curves of the tetramer and pentamer show a 
qualitatively new feature: No sharp rise of S,, can be ob- 
served, but rather a broadening in their distribution that 
becomes larger with increasing temperature. We again in- 
voke nonthermal behavior of the systems to explain this 
peculiarity. For longer MD-runs we expect unique values 
of a,, , independent of initial conditions. Therefore we in- 
terpret this feature as a structural transition for the tet- 
ramer at T z 357 K and for the pentamer at T =: 243 K. No 
distinct branches can be seen in the caloric curves and 
consequently an attribution of single isomeric states is not 
possible. Instead we again visually inspected the dynamics 
of several trajectories. While for the trimer with rising tem- 
perature the ring opening is the most prominent character- 
istic, tetramer and pentamer spent most of their time in 
ring structures even at high temperatures. This is also con- 
firmed by the h(r) curves in the upper part of Fig. 6(a) 
that show only homogeneous broadening for the pentamer 
with rising temperature compared with increasing shoul- 
ders in the distribution of the trimer, indicating the statis- 
tical weight of their linear structures in our simulations. 

3. Hexamers 

The two energetically lowest minima that are well sep- 
arated from the other structures characterize the first 
structural transition of the hexamer. After a sharp increase 
of a,, up to Tz 35 K the curve flattens drastically, signal- 
ing that the structural transition has taken place and that 
there is rapid fluctuation between the two isomeric states. 
A second “phase transition” showing similar features in 
the curve as for the tetramer and pentamer, occurs at 
T=: 197 K. No attribution of special isomeric states can be 
made for the second structural transition. Fingerprints of 
the structures participating in the first structural transition, 
however, can be observed in the h(r) plots in Fig. 6 (b) . Up 
to a temperature slightly below 35 K only one peak at 
r=: 3 10 pm can be seen, characterizing the lowest minimum 
structure of s6 symmetry. In a small temperature range 
above, however, a double peak structure at rz 280 and 330 
pm can be observed with slightly more intensity in the 
second peak. This double peak structure can be attributed 
to the “boat configuration” of the hexamer of C2 symme- 
try. The system can surmount the barrier between the two 
local minima and spends considerable simulation time in 

FIG. 6. (a) The distribution of bond lengths from the center of mass of 
each molecule to the center of mass of the cluster for n=3 and 5 at 

the boat structure. At higher temperatures the fluctuations 

different temperatures. (b) The distribution of bond lengths from the between the two isomeric states become more frequent and 
center of mass of each molecule to the center of mass of the cluster for only one unsymmetric and broad peak can be seen in the 
n = 6 at different temperatures. h(r) CUNe. 
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FIG. 7. The mean square displacements vs time at different temperatures 
T for n=4 and 6. For the tetramer the lower curve at T=53 K indicates 
a solidlike state of the cluster while the upper curve at T=398 K indi- 
cates a liquidlike state. Three curves are plotted for the hexamer; the two 
lower curves at T=20 and 97 K indicate a solidlike state, and the one at 
T= 198 K a liquidlike state. The curves were calculated over 156 inde- 
pendent time origins. 

In order to test the sensitivity of these results to the 
potential model, the calculations are repeated using the 
PHH3 potential. Again both transitions are observed. The 
first one between the S, and the C, isomer occurs at 18 K, 
which is lower than the value found for the OPLS poten- 
tial. The second one occurs at 181 K quite close to the 
OPLS value. Apparently the low temperature isomeric 
transition is more sensitive to the choice of the potential 
surface than is the high temperature transition. But the 
gross features are qualitatively the same. 

In concluding this section we note that with rising n 
from 4 over 5 to 6 the temperature of the final structural 
transitions decreases. This is in contrast to what has been 
found for clusters up to now. In addition we note that the 
melting temperature of the bulk at T= 175.2 K is well 
below the above mentioned transition temperatures. This 
result is a consequence of the unique binding properties of 
these clusters which exhibit a maximum of relative binding 
energies for the tetramer because of the cooperativity effect 
in hydrogen bonding.29 

In order to prove whether the clusters are liquid- or 
solidlike, we have also calculated the MSD as a function of 
time. The results are shown in Fig. 7. For the tetramer, the 
curve obtained for T= 53 K with a horizontal line is sol- 
idlike, while at 398 K the straight line with a finite slope is 
as expected liquidlike. For the hexamer, three curves have 
been calculated at 20, 97, and 198 K. The first two curves 
are still in the regime of the solidlike behavior and confirm 
the interpretation of an isomeric transition between the S, 
and the C2 structure. Note that the behavior of the cluster 
before the transition is solidlike while afterwards it is 
!Ioppy-solidlike.’ The third curve corresponds already to 
liquidlike behavior and indicates a multistate isomerization 
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similar to the transitions found for the tetramer and pen- 
tamer. 

E. Concluding remarks 

In the MC and MD simulations of the structure and 
energetics of small methanol clusters different kinds of iso- 
merit transitions have been observed. The trimer passes 
from the lowest energy, rigid configuration, a symmetric 
ring, over several chain configurations into a nonrigid open 
chain configuration at temperatures about T= 197, 222, 
and 253 K. For the tetramer and pentamer a transition 
occurs between the ring structure at low temperatures and 
a rapidly fluctuating ring at much higher temperatures 
about T=357 and 243 K, respectively. It is noted that 
these transitions take place at higher temperatures than 
that of the bulk and are largest for the tetramer, a clear 
manifestation of the strong cooperative hydrogen bonding 
in these species. 

A specially interesting case is the hexamer. First there 
is a pure isomeric transition at about 35 K between the two 
energetically lowest isomers of S6 and C2 symmetry. Ac- 
cording to the nondiffusive MSD curves the behavior of the 
cluster below this transition temperature is solidlike, 
whereas above it is floppy-solidlike. Similar results have 
also been obtained in the analysis of NaCl and KC1 tet- 
ramers.6’7 The transition to the liquidlike behavior then 
occurs at much higher temperatures at about 197 K in the 
same way as has been found for the tetramer and the pen- 
tamer. The signature of the isomeric transition at 35 K can 
be found unambiguously in the simulated IR spectra. In 
the experiment, only the two peak structure of the Sg- 
isomer is observed, a clear indication that the beam tem- 
perature is below the transition temperature. Test calcula- 
tions for a different potential surface indicate that the pure 
isomeric transition depends more sensitively on the poten- 
tial than the transition to the liquidlike behavior. 
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