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A Monte Carlo-Quantum Mechanics Study of the Solvent-Induced Spectral Shift and the
Specific Role of Hydrogen Bonds in the Conformational Equilibrium of Furfural in Water
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The solvation shift of the lowest absorption transition of furfural in water is analyzed as a function of the
rotation angle for the interconversion between the two conformations, OO-cis and OO-trans, of furfural. In
total, 20 Monte Carlo NPT simulations are performed, corresponding to different rotation angles of the carbonyl
group. The solvation shift of the-nr* state is calculated to be 1230 45 cn1? in the most stable OO-cis

form. This calculated shift is found to be essentially independent of the rotation angle. The hydrogen bonds
between furfural and water are also analyzed along the interconversion path. These hydrogen bonds are found
to be equivalent, both in number and in binding energy, for all rotation angles. The results for the solvent-
induced spectral shift and the hydrogen bond interactions confirm that in water they make no preference for
any rotamer of furfural and lead to small contribution to the entropic activation barrier of furfural in protic
solvents.
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Conformation equilibrium of organic molecules in different o - y
0 o

solvents is a topic of great importantin this direction furfural
is an interesting system that may exist in two possible syn-furfural anti-furfural
conformations corresponding to a OO-cis and a OO-trans (00-cis) (00-trans)

conformet (Figure 1). In the gas phase it is known that the Figure 1. Cc_)nformational equ_ilibrium of furfural. The carbonyl group
OO-trans is more stable than the OO-cis with an energy "tates relative to the furan ring.

differencé that is less than 1.0 kcal/mol. Between these two
forms there is a large interconversion barrier that has been
determineé“to be 9.3 kcal/mol. The conformational equilibrium

does not obey a simple relationship with the dielectric constant.
This, of course, indicates that the solvent effects are more

of furfural, however, has a strong solvent dependéfice.neat ~ cOMPlex than could be inferred by a simple reaction field. In
furfural the barrier i811.0 kcal/mol. The barrier has also been 2ddition, they also emphasized the existence of entropic aspects

determined for a few other solvents and it has been the subjecti” the activation barrier. There is a_large entropy activation in
of intense theoretical and experimental investigatioR& The the case of toluene and acetone, for instaftethe first solvent

recent and interesting work of Baldridge, Jonas, and Bgiires the variation is positive, indicating that the transition state is
an overview of previous works on the energetics of furfural in disordered compared to the planar form. For acetone, the reverse

the gas phase and in different solvents. The conformer with the occurs, with the planar form more disordered than the transition
larger dipole moment, OO-cis, dominates in polar solvents over Stét€. For methanol, however, there is no significant entropy of
the OO-trans conformer. which is. however. more stable in the activation, meaning that there is no preferred interaction between
gas phase or in low-polarity solvents (dielectric constant smaller the solute and the solvett.This is of great interest because

than 5). The small energy difference between the two conforma- ©N€ could at first expect that in protic solvents the hydrogen
tions and the activation barrier of furfural in different solvents Ponds, formed in the oxygen atoms of furfural should give a

have attracted both experimeritaf and theoretical investiga- preferred _strl_Jcture along t_he rotation of the carbonyl group. This
tions15-20 Bain and Hazendork have used combined NMR IS the major interest of this present paper. Here we will give a
experiments to determine the activation barrier of furfural in Very detailed theoretical analysis of the hydrogen bonds formed
toluene, acetone, and methanol. They have found that thePetween furfural and water, a very protic solvent, along the cis-

behavior of the enthalpies of activation for the-eigans process trans rotational interconversion, including the transition state.
The selection for water is interesting because any hydrogen bond

. o . effect will be enhanced by this strong protic solvent. We shall
* Corresponding author. E-mail: canuto@if.usp.br. .
tE-mail: rivelino@if.usp.br. consider the number of hydrogen bonds formed and the
*E-mail: kaline@umc.br. corresponding binding energies, as a function of the rotation
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angle. With this we analyze possible preferences of the solute
form.

The solvent dependence of the bVis absorption spectrum
of furfural is much less known despite its great importance as
an additional aid to the conformation dynami¢g? The
ultraviolet absorption spectrum of furfural vapor is quite weak
to be accurately measured, whereas in polar solvents the whole
spectrum merges into a strong absorpfib#.The influence of
polar solvents, e.g., water, on the-n* transition of furfural is
known to give a blue shift, as normally expected. Thex* H.
transition, instead, suffers a red sHifé? It is important to Figure 2. Geometrical parameters (A) for the conformers of furfural.
understand the role of the conformers on the solvent-induced ) .
spectral shift of furfural during the internal rotation of the T_ABLlE L POt.e”t'é}l Parameterﬁ Used in the Mlgmle Calrlo
carbonyl group. In particular, the effect of the solvent on the ggngl;e}ﬂogsa(q in Elementary Charge Unit, < in kcal/mol,
n—s* transition gives additional information on the possible
preference of the solute form, because the lone pair of furfural
is located in the same atom that is the proton acceptor of the atom ¢ o 0O-cisp=0°) TS(@=090) OO-transf = 180)

atomic charge g in conformation:

hydrogen bond. O, 0140 290 —0.113742  —0.140933 —0.186419
Thus, the major interest here is to investigate the hydrogen & 0070 355 —0229589  —0.236743 —0.152939
bonds f db furfural and d the sol p C, 0070 355 —0.092507  —0.109888 —0.182596
onds formed between furfural and water and the solvent effects ¢, 0070 355 -0.066166  —0.080331 0.013224
on the absorption spectrum of furfural in aqueous solution. We ¢; 0.070 3.55 0.093111 0.070219 0.096797
use a sequential Monte Carlo (MC) quantum mechanics (QM) :1 8-828 gig 8-%2@%? 8-12332 8-:1512323
3-25 i 2 . . E . .
r.net.hodologf, Wher.e we f'II’St generate the structures Qf the He 0030 242 0.160697 0.158236 0141872
liquid by using MC S|mulat|ons._ The advantage of using a ¢, 0.105 3.75 0.378572 0.528755 0.382465
sequential procedure has been discussed b&foteSupermo- O. 0210 296 —0.403259  —0.413801 —0.416096
lecular structures are extracted from the MC simulations and He 0030 242 —0.004650  —0.056105 0.007182

only statistically uncorrelated configurations are used. As we 2 Atomic indices are defined in Figure 2. The parametesnd o
shall demonstrate, this leads to converged results for all are taken from ref 16, and the atomic charges are obtained from
calculations presented here. CHELPG calculations USing MP2/6-3‘1‘B(d)

The solvation shifts and the analysis of the hydrogen bonds . . .
are made for several rotation angles, starting with the OO-cis different MC simulations of furfural in water are performed for
conformation and changing the dihedral angle until the 00- & fixed dihedral angley (Q4CsCcQc, in Figure 2) withAg =
trans structure is reached (Figure 1). Note that the use of isolated”” from 0" (OO-cis or syn-furfural) to 180(OO-trans or anti-
cluster calculations is not recommended in this case. For onefurfural). The intermolecular interactions are described by the
side there is no a priori indication of how many hydrogen bonds Standard Lennard-Jones plus Coulomb potential with three
are formed. The change of the number of hydrogen bonds alongParameters for each atdrte;, i, andg;). The atomic parameters
the cis-trans interconversion is precisely the subject of interest 2/ combined by geometric average to generate the pair

.. L = e Y12 - 1 )12
here. On the other, geometry-optimized clusters cannot repro-Parameterss; = (e ) and oj = (0ioj )% For the water
duce the liquid situatioR®28 Instead, the use of computer molecules we use the SPC potential developed by van Gunsteren

simulation of liquids is more appropriate. We use MC simulation et al For furfural, we use the OPL_S'AA potentl_al p_rew_ously

to generate the liquid structure. In total, 20 different conforma- used to study the freg energy of its interconversion in d|ﬁgrent
tions of furfural are used, with the dihedral angles changed by solventst®34The atomic charges of furfural have been obtained
9° between successive éimulations. The QM calculations are by fitting the electrostatic potential at points selected according

performed in several supermolecular structures of each of thesd® the CHELPG schem®, using an ab initio second-order

20 conformations of furfural in aqueous solution obtained from leler—.Pki;g(Sa;[ perturbation theory (MP2) Wit'hrtfge 6-313-
the MC simulations. In every conformation singly excited (d) basis set>=’as implemented in the Gaussiandg.he sets

configuration interaction calculations at the INDO/&3&level of intermolecular potential parameters employed in the simula-
are performed to obtain the solvatochromic shifts of therh tions are shown in Table 1. As the atomic charges are different

and 7—x* electronic transitions during the conformational for the different rotational angles we obtain 20 sets of atomic

changes of furfural in water. Each supermolecule included in charges from the MP2/6-3315(d) calculations. In Table 1 we
the QM calculation is composed of the solute furfural and all @My Show the charges for the planar OO-cis conformation (
molecules up to the first solvation shell. The use of this — 0°), the nearest conformation of the transition state<

supermolecular approach incorporates in a natural way the 20°), and OO-trans conformatiory (= 180°). As can be seen,

solute-solvent interaction because it is treated by quantum €y do notdiffer much. However, it is interesting to note that
mechanics. the oxygen atom of the carbonyl has a larger negative charge

than the oxygen in the furan ring. This aspect is seen here even
when using other ab initio theoretical models. Thus the carbonyl
group is more apt to make hydrogen bonds with the solvent
Monte Carlo (MC) statistical mechanics simulations are water than the furan ring. In the 20 simulations, the averaged
carried out by employing standard procediuieisicluding the density has a small variation. The smaller value of the averaged
Metropolis sampling technigtiéand periodic boundary condi-  densityp = 1.045 g/cnd was found to conformation ap =
tions using the minimum image method in a cubic box. The 117 and the larger valup = 1.055 g/cm was found atp =
simulations are performed NPT ensembles. The system 63°. This means that in the average the smallest cubic box has
consists of one furfural molecule plus 450 water molecules at size ofL = 21.46 A and the largest 21.52 A. The intermolecular
temperature of 298.15 K and pressure of 1 atm. In total, 20 interactions are spherically truncated within a center of mass

Monte Carlo Simulation and Computational Details
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separation smaller than the cutoff radias= L/2. Long-range TABLE 2: Statistics of the Hydrogen Bonds Formed

corrections were calculated beyond this cutoff distacghe between Furfural and Water

Lennard-Jones potential contribution is estimated assuming an  no. of HB 00-Cis ¢ =0°) TS(@=90°) OO-trans ¢ = 18C°)
uniform distributionG(r) ~ 1 after the cutoff radius and the 7y 23% 28% 8%
electrostatic potential contribution is estimated with the reaction 1 58% 60% 72%

field method of the dipolar interaction. In the simulation the 2 1270? 12% ;08/24’

molecules are kept with rigid geometries for the different

conformations of furfural. The geometrical parameters used for g‘r’;r;"r?‘;ccepmr o 0.97 o o 0-8‘(‘3 o 113 o
. . - . - H H 4 (g 4 (o 4
furfural in the simulations are given in Figure 2. Using these 087 010 082 002 113 0.00

parameters, we find that the dipole moments of the OO-cis and _
OO-trans configurations at the ab initio MP2/6-311G(d) level and the energy of these bonds for each of the 20 different
are 3.76 and 3.24 D, respectively. These compare very well conformations used here. These will give microscopic detailed
with the corresponding experimeriavalues of 3.97 and 3.23  information of the specific interaction involving the proton
D. During the classical simulation the water molecules are kept acceptor furfural and the proton donor water clarifying the
in their Cy, structure withroy = 1.000 A andg(HOH) = specific role played by the hydrogen bonds in the rotational
109.47. interconversion between the two extreme OO-cis and OO-trans

The initial configurations are generated randomly, considering conformers. _ ) _ _
the position and orientation of each molecule. One MC step is A common procedure to identify hydrogen bonds is by using
performed after one water molecule randomly attempts to the radial distribution function. In this case spherical integration
translate in the Cartesian directions and also attempts to rotateof the first peak of the radial distribution function between the
around a randomly chosen axis. The maximum allowed 0xygen atom of furfural and the hydrogen atom of water would
displacement of the molecules and of the box size are self- give the coordination number; i.e., the number of hydrogen
adjusted after 50 configurations to give an acceptance ratio of Ponds formed. The uncertainty associated with this procedure
new configurations around 50%. The maximum rotation angle IS that it cannot be assured that all nearest-neighbor structures
was fixed during the simulation % = +15°. The simulations  are indeed associated with hydrogen botfe8:43An efficient
consisted of a thermalization phase of %010° MC steps, and more correct way to extract the hydrogen-bonded structures
followed by an averaging stage of 27:010° MC steps. has been presgnted by St|||ng¢r and Rakﬂﬁdﬁ'and.Mezel

As quantum mechanical calculations will be performed on and Beveridgé! They have discussed the directional and
the configurations generated by the MC simulations it is very €nergetic aspects of hydrogen bonds and its usefulness in
important to optimize the statistics. Successive configuration, identifying hydrogen bonds in computer simulation of liquids.
which are statistically highly correlated, will not give important Hydrogen bonds are |ng6e4(§(‘118better obtained using the geometric
additional information. Therefore we calculate the interval of and energetic criterié.>>434We consider a hydrogen bond
statistical correlation using the autocorrelation function of the formation when the distand&0—0Q,) < 3.7 A, the angled-
energy23-254041Egssentially, it gives the interval of MC steps (OOyHw) = 36 ) and 'ghe binding energy is positive. Again, as
in which the statistically uncorrelated configuration can be there are 20 simulations performed, corresponding to the 20
sampled. For the simulations presented here, we obtain thatotation angles selected, it is cumbersome to give detailed
configurations separated by 45010° MC steps are statistically ~ information for all cases. Let us then first consider the most
less than 10% correlated. Then, the total of2T0F successive important cases of the OO-cis, OO-trans, and the transition state.
configurations generated in each simulation can be drastically It iS of great importance to clarify the specific role played by
reduced to 60 nearly uncorrelated configurations without loss the hydrogen bonds in the rotational interconversion between
of statistical informatior#64941 Thus, after each simulation the two extreme OO-cis and OO-trans forms. Table 2 gives the

corresponding to the different rotation angles, 60 uncorrelated detailed statistics of the hydrogen bonds. In the OO-cis case
configurations are sampled to be used in further quantum 23% of the configurations make no hydrogen bonds, 58% makes

mechanical supermolecular calculations. Each supermolecule isON€, 17% makes two, and 2% makes even three hydrogen bonds.
composed of the chromophore (furfural) and all solvent Table 2 shows that out of the 60 configurations selected there
molecules up to the first solvation shell of the radial distribution are 58 hydrogen bonds in the OO-cis conformation, thus making,
function. This gives a number of 34 water molecules surround- On average, 0.97 hydrogen bond. These are averages for the
ing furfural. Then, for each QM calculation there are 308 valence liquid. Aimost all the hydrogen bonds formed have the oxygen
electrons included. In total, 20 sets of configurations are Of the carbonyl as the proton acceptor. For instance, in this case
generated by the MC simulations, corresponding to the different ©f OO-cis, 0.87 is formed in the oxygen of the carbonyl, the O
dihedral angles. This means that 60 QM calculations are Site; and a negligible number of 0.10 in the oxygen atamO
performed for the supermolecules composed of one furfural andthe furan ring. Similar results can be obtained for the OO-trans
34 water molecules. A more detailed discussion on the efficiency @hd even for the transition state. In these cases we find that

of the sampling procedure will be given below and demonstrate furfural makes, on average, 1.13 hydrogen bonds in the OO-
that statistically converged results are obtained. trans case and a slightly smaller number of 0.84 for the transition

All simulations are performed with the DIGEMonte Carlo state. In the case of OO-trans 72% of the configurations make
statistical mechanics program. DICE is a general program for ©N€ hydrogen bond. In total, there are 1.13 hydrogen bonds and
MC simulation with a graphical interface that calculates 2/l these have the Osite as the proton acceptor. Figure 3
thermodynamic properties and generates structures for using inillustrates the hydrogen bond formed between furfural and water

: ; for an arbitrarily selected angle (= 36°). This is very indicative
most conventional quantum chemistry program.
q y prog that the hydrogen bonds do not contribute to any preferred

orientation of furfural in water. To have the overall picture of

the number of hydrogen bonds in the different conformations,
Hydrogen Bond Analysis. In this section we analyze the Figure 4 shows the average number as a function of the rotation

number of hydrogen bonds formed between furfural and water angle. As can be seen the total number of hydrogen bonds is

Results and Discussion
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TABLE 3: Calculated Solvatochromic Shifts (cn?) and
Comparison with Experimental Data?

transition solvatochromism experiment
n— z* (OO-cis) 1230+ 45 12002 1350
n— z* (OO-trans) 1130+ 43
7w — 7*(00-cis) —1005+ 64 —1300
7 — 7*(0OO-trans) —950+ 64

aFrom cyclohexane to water, ref 22From isooctane to water, ref
22.¢Fromn-hexane to water, ref 21.

a LA AL LA B R S S LR R R R L L |
_ 3000 | ‘#I*“ i
- i . |
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Figure 3. lllustration of the hydrogen bond formed between furfural E 2000 o~ o
and water for a rotation angle of 36 Z 1500} - // \\\ st
20 T T T T T g 1000 - . / \ B
=
2 g 500t /’/ N
E s 2 7
g or ] CEEN == .
m ° 1 I 1 1 1
4 . . . . . ® 0 45 90 135 180
5 1.0 ®
2 ¢ e o o, . Angle [Degree]
g L] O Figure 6. First absorption transition of furfural in the gas phase and
% 05k | in water as a function of the rotational angle. Lines shown are best fits
§° ' to the calculated points. The lower curve corresponds to the transition
4 shift of furfural in gas phase. The upper curve is the same transition
< 0.0l n ) . . shift in explicit water environment.
0 45 90 135 180

Angle [Degree]

Figure 4. Calculated number of hydrogen bonds between furfural and

water as a function of the rotation angle.

water are essentially equivalent for all rotation angles and
therefore they make no contribution to a particular preference
for any rotamer. This is in agreement with what could be
expected from the experimental NMR measurements of Bain

20 . - - - and Hazendonk?
Solvatochromic Shifts.Now we analyze the solvation shifts
_25¢ . of furfural in water. The UV+vis absorption spectrum of furfural
E Y ¢ . . in the gas phasg_shows avery wea_rknr'f ar_ld a strongrz—y_z*
3 30r ‘ e .1 ) 1 electronic transitiond!-22 The solvation shift of the az* in
=2 X * L) s . water is thus measured from cyclohexane and isooctane, leading
g 35} 3 ¢ to an observed blue shift of 1350150 cnr. As both solvents
2 have a low polarity and low dielectric constant, we compare
E_ 4.0} . these values with those obtained here for the gas phase. For
thesr—m* electronic transition the shift from-hexane to water
450 L L L L has been measured a4300 cntt. Again, we take this value
45 20 135 180 for a comparison of our results for the solvation shift from gas
Angle [Degree]

Figure 5. Binding energy per hydrogen bond as a function of the

rotation angle.

to water. Table 3 shows a comparison of our calculated results
and the experimental values available for the OO-cis conforma-
tion for both the A-7* and m=—xa* electronic transitions. As

remarkably stable, varying between a minimum of 0.75 hydro- can be seen, the agreement is very good. The blue shift of the
gen bond (forp = 135°) and a maximum of 1.25 hydrogen n—zx* transition is calculated as 1238 45 cnt?, whereas the
bonds (forgp = 45°). A consequence of this result is, of course, red shift of ther—s* electronic transition is calculated asl005

that hydrogen bonds do not contribute much to the energy + 64 cnt’. These compare very well with the above-quoted
change along the rotational interconversion. Hence, hydrogenexperimental results of 1350 arell300 cntl, respectively.
bonds do not give rise to any preferred sottgelvent structure. It is now of interest to analyze the solvation shifts for the
To make this assertion even more emphatic, we show in Figuredifferent conformations of furfural. This is shown in Figure 6

5 the hydrogen bond energies. In the OO-cis case the bindingfor the n—xz* transition. In the gas phase (lower curve) the
energy is calculated as 3.36 kcal/mol. The maximum binding transition is blue shifted by as much as 1700 épin going

is 3.58+ 0.10 kcal/mol, obtained fap = 162°. For comparison, from the OO-cis to the transition state. This maximum in the
the minimum binding is 2.83 0.10 kcal/mol, obtained fop transition state is not due to the solvent interaction because it
= 63°. In complement, the binding energy for the OO-trans occurs for the gas phase. This is only a structural effect. Next
case is 3.45t 0.10 kcal/mol, 0.1 kcal/mol stronger than in the in the rotation, the gas-phase absorption decreases and reaches
case of the OO-cis case. As the statistical error in the calculationsthe value corresponding to the OO-trans case. Thus the gas-
is 0.1 kcal/mol, we cannot, in fact, distinguish between the OO- phase absorption +w* transition shows a clear structural
cis and OO-trans cases. For the transition state the bindingdependence and reaches its maximum close to the transition
energy is only 0.5 kcal/mol weaker than in the planar forms. state where the absorption increases by 1700'ctdowever,

The conclusion is that hydrogen bonds between furfural and there is an interesting aspect in the analysis of the solvation
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Figure 7. Second absorption transition of furfural in the gas phase Number of configuration in the average
and in water as a function of the rotational angle. Full line is the best
fit for the transition in the gas phase. The dotted line is for visualization (b)
of a constant shift of~1000 cn1* for the transition shift in explicit 2.0 ' ' T T T j
water environment. Comparison of the calculated points (full circles) =
with the dotted line shows the discrepancy from a constant solvation g 25} ]
shift. =
£
shift. As Figure 6 shows, theplvation shift(difference between -:c; 3.0} I 1
the two curves) is essentially independent of the conformation. 2 ‘° $ ______ .
This is not surprising because, as noted in the previous section, T 35 ce T T e 04 * () i
the solvent environment in the oxygen atom of the carbonyl is £
not very dependent on the rotation angle. As the lone pair of B a0l i
this atom is the one involved in the promotion of theat &
transition, it follows the same pattern along the rotation and E is ‘ . . . .

gives a constant shift of about 1200 thEven in the other 0 1'0 20 30 40 50 60
extreme, the OO-trans conformation, the shift is 1130°%m
only 100 cm? less than in the more favorable OO-cis
conformation. The constant solvatochromic shift of then
transition is thus related to the nonexistence of a preferred angle
for the interaction of hydrogen bonds and the carbonyl group.
Therefore, this should not occur in the stromgsr* transition.
Indeed, as shown in Figure 7, the-s* transition shows a more

Number of configuration in the average

Figure 8. Convergence of the (a) calculated solvation shift and (b)
hydrogen binding energy for the OO-cis case.

same result as averaging over only a few statistically uncorre-
lated configurationd® This is a very efficient way to sample
erratic behavior. Ther* orbital is more localized in the furan configurgtions. It.is. statistically sound, and as we demonstrate,
ring but during the rotation of the carbonyl group the occupied NOW it gives statistically converged results.
7 orbital becomes less defined and is not delocalized over the Now we analyze the dependence of our calculated average
entire molecule because it loses planarity. The largest variationsvalues on the set of values used in the calculation. As discussed
form a constant shift (dotted line) are found close to the before, the configurations separated from the MC simulation
transition state. At the other extreme, the OO-trans planar are statistically uncorrelated and therefore the average value
conformation, the solvation shift is a red shift of 1130@ém  should converge fast and systematically and should be inde-
only 100 cnt! less than in the case of OO-cis. pendent of the particular choice of the set of MC configurations

Every point in Figures 6 and 7 is the result of an average selected for the QM calculations. The statistical error of the
over 60 quantum meChanicaI Calculations. It iS Clear that if eaCh average, howe\/erl depends on the tota| number Of uncorre|ated
of these numbers is not properly converged a wrong picture configurations i) used to calculate the average; i.e., on the total
could emerge. We shall show below that the use of an efficient sjze of the simulation. Figure 8a shows the calculated average
sampling procedure, as adopted here, guarantees convergedy|yation shift of the r* transition of the OO-cis conforma-
results for a relatively small number of quantum mechanical o of furfural in water as the number of configurations used
calculations. This is of course an important point not on_Iy for for the average is increased. This corresponds to the zero rotation
th_e genergl QM(MM methodology b.Ut also because using 20 angle of Figure 6. There are 20 averages of this type obtained
gl\jgerganet S;%ﬂ?gfzzsr?fgt:t?gny;: Fltlagl{arrisoﬁnatlir;ld Z](;?g?érgstciglfor the analysis of the rotation effect on the-m* transition.

g ge, 9 Of course, only one case is given for illustration. Figure 8a

of 1200 quantum mechanical calculations. clearly shows that the solvatochromic shift reported is a
Statistical Convergence AnalysisThe question of sampling ry ep
statistically converged value. In complement, Figure 8b shows

configurations from statistical simulations has been recognized . -

to be a very important issue and it is crucial for the efficiency the same convergence analysis for the hydrogen binding energy
of QM/MM methods. We have addressed this issue several timesOf the OO-cis case._The results clearly Qemonstrate that "’?"
before?3-27 Instead of performing a quantum mechanical average values considered here are statlstlcglly co_nverge_d v_\nth
calculation on every configuration generated by the MC only 60 uncorrelated.structures of thg MC simulation. Th|§ is
simulation, we use the interval of statistical correlation and the @9ain a demonstration of the efficiency of the sampling
statistical inefficiency, to select the configuration that gives Procedure used here that only 60 instantaneous values give
relevant statistical informatio# 27404148 \\\e have shown statistically converged results. Increasing further the number of
numerically that performing average over thousands of succes-calculations does not change the average, but of course, the
sive configurations generated in the MC simulation, gives the statistical error, which depends onv/ decreases.
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