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We have investigated a relationship between conformational preferences of various substituents in mono
substituted cyclohexanes and pertinent torsional parameter values in molecular mechanics calcul간ions. We 
have manipulated torsional parameters to supply a certain energy difference between gauche and anti con
formers, and applied those parameters to monosubstituted cyclohexanes After investigating 6 different sub
stituents, namely Me, SiH3, F, Cl, Br, and I, MM3 calculations show that (1) the MM3 calculated A values 
with the current torsional parameters reproduce the available experimental values well, (2) the conformational 
energy difference between axial and equatorial conformations (the A value) correlates perfectly with the 
gauche/anti energy differences of the corresponding butane-like fragment (correlation coefficient=1.000), and (3) 
the A values are essentially twice as the gauche/anti energy differences (slopes=1.86-2.00). On the basis of our 
analysis, the A values as well as the gauche/anti energy differences are easily calibrated by an adjustment of 
the relevant torsional parameter. Thus, our technique for tuning the torsional parameters may be of great use in 
updating molecular mechanics results about conformational preferences whenever a further refinement is neces
sary.

Introduction

The free energy difference between axial and equatorial 
conformations in monosubstituted cyclohexane, the A value, 
provides useful information about the conformational pref
erence of that particular substituent.1 Two elements may 
govern the magnitude of the A value, namely steric and 
electronic. Steric factors will be a determining factor in 
most substituents without a large excess charge. 1,3-Diaxial 
interactions are reflected from increased nonbonded in
teractions due to the substitution of a sterically bulky group 
in an axial position, while gauche interactions between an 
axial substituent and C3 atoms are also displayed by an in
crease of torsional energies. In case that a substituent has a 
large excess charge, electrostatic interactions may play a ma
jor role to determine the magnitude of the A value.2

The conformational energy calculated by molecular mechan
ics (MM) is consisted of various energy components.3 Al
though each energy component illustrates an extremely sim
plified model for the specific type of an interaction, one 
may gain useful chemical insight by examining the vari
ation of these energy components according to con
formational changes. Electronic reasons may be revealed to 
charge-charge/dipole-dipole energies. While 1,3-diaxial in
teractions can be disclosed in van der Waals energies, 
gauche interactions may be exhibited in torsional energies. 
However, the analysis of MM calculated energy com
ponents is a complicated process due to the transferability 
of energy components. For instance, if van der Waals en
ergy components are augmented significantly for some rea
sons, geometric changes usually occur by elongating bonds, 
bending bond angles, or twisting dihedral angles to be able 

to relieve unfavorable van der Waals energies. Through this 
process, portion of increased van der Waals energies is 
transferred to other energy components, i.e. stretching, bend
ing, or torsional energies. Moreover, other energy com
ponents, which may not be transferred directly from un
favorable van der Waals energies, are also varied slightly, 
when the geometry changes. Nevertheless, MM energy 
decomposition analysis has been successfully applied to und
erstand the origin of conformational preferences,4 despite (1) 
the roughness in the analysis of MM calculated energy com
ponents and (2) transferability of energy components.

In this study, we have investigated the conformational 
preference of various groups by using MM calculations. We 
have examined monosubstituted cyclohexanes and the cor
responding butane-like molecules. Especially for butane-like 
molecules, the potential energy surfaces around the C2-C3 
bond have been surveyed and analyzed by examining MM 
energy components. Finally, we have inspected changes of 
the A values and gauche/anti energy differences due to the 
modification of torsional parameters.

Computational Details

MM calculations were carried out using MM3 program.5 
Six substituents, namely Me, SiH3, F, Cl, Br, and I, have 
been investigated, since conformational energies are not 
changed due to the orientation of the substituent. Full 
geometry optimizations were performed at (1) the axial and 
equatorial conformations of monosubstituted cyclohexanes, 
and at (2) the gauche and anti conformations of butane-like 
fragments. Torsional potential energy functions (TPEFs) oi 
butane-like fragments were obtained by using dihedral driv
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er calculations with a step size of 10°. The compounds in
spected in this work are depicted in Scheme 1 along with 
their conformations. Although some parameters are either in 
a test stage or have some controversies,6 standard values 
have been utilized without any modification since de
velopment of new parameters is not our main scope in this 
study. Rather, we are focusing on how MM3 calculated en
ergies behave according to the values of torsional paramet
ers. Torsional parameters utilized in this study are sum
marized in Table 1. Analyses of MM3 energy components 
were carried out by summing several similar energy com
ponents, thus resulting 3 energy portions; (1) bonded en
ergies, (2) nonbonded energies, and (3) torsional energies. 
Bonded energies may represent an energy increase due to 
deviations from the equilibrium geometry, and are as
sembled by summing stretching energies, bending energies, 
stretch-bend energies, and bend-bend energies. Nonbonded 
energies symbolize an energy build-up due to interactions 
between two atoms which are more than 1,4-relationship.

R R

H Me

SCH : R = S1H3 
FCH: R = F 
CCH : R = CI 
SCH : R = Br 
ICH : R니

Scheme 1.

Torsional energies are the sum of torsional energies and tor
sion-stretch energies. Electrostatic interactions including di- 
p어e-dipole interactions are not considered explicitly in the 
molecules studied in this work, because (1) excess charge 
values are not utilized in standard MM3 calculations, and (2) 
bond dixies for C-C and C-H bonds are fitted to zero. 
Thus, these interactions are probably included implicitly in 
torsional energies, since a Fourier type analysis discloses 
that torsional energies are composed by dipole/dipole in
teractions (Vi), conjugation (V2), and 3-fold steric in
teractions (V3).7 Detailed MM3 force fields can be found 
elsewhere.53

Results and Discussion

Analysis of energy components in the TPEF. Be
fore proceeding our main study, i.e. a relationship between 
MM calculated energies and torsional parameters, it is very 
important for us to comprehend which energy component 
contributes primarily to assemble TPEFs in MM cal
culations. To address the above question, we have carried 
out dihedral drive calculations for butane-like fragments, 
and have investigated the changes of total steric energies 
and energy components. The results are summarized in 
Table 2.

First, we will discuss the MM results briefly. All 6 bu
tane-like fragments are more stable in the anti conformation 
than gauche conformations by 0.1-0.8 kcal/mol. Among

Table 1. MM3 torsional parameters*1 utilized in this work
Dihedral angle V〔 V2 V3
c-c-c-c 0.185 0.170 0.520
C-C-C-Si (*)" 0.000 0.000 0.500
C-C-C-F (**)° 0.000 -0.086 0.930
C-C-C-Cl (**) 0.000 -0.250 0.550
C-C-C-Br (**) 0.000 -0.410 1.060
C-C-C-I (**) 0.000 -0.500 0.267
“All standard parameters, which are distributed with the MM3 
program, are used. '(*) means that the parameter values are not 
finalized yet. c(**) means that the parameter values are in a test 
stage.

Table 2. Relative conformational energis*1 of BT, PS, PF, PC, PB, and PI conformers calculated by MM3 method
Molecules Gauche anti” g-gc g-a4
BT 0.809(65. iy 

[0.242/0.221/0.347]，
0.(/ 
[O.O/O.O/O.Of

4.832 
[1.136/1.104/2.592]

3.316 
[0.241/0.476/2.599]

PS 0.566(67.2°) 
[0.299/0.173/0.094]

0.0 
[0.0/0.0/0.이

4.873 
[1.452/1.134/2.286]

3.128 
[0.296/0.533/2.299]

PF 0.098(62.4°)
[0.056/0.098/-0.056]

0.0
[0.0/0.0/0.이

4.401 
[0.534/0.893/2.974]

3.694
[0.239/0.533/2.921]

PC 0.287(66.9°)
[0.243/0.177/-0.133]

0.0
[0.0/0.0/0.이

5.397 
[1.444/1.250/2.703]

3.465 
[0.337/0.596/2.533]

PB 0.322(67.9°) 
[0.329/0.223/-0.230]

0.0
[0.0/0.0/0.이

6.422 
[1.854/1.398/3.169]

3.879 
[0.377/0.622/2.880]

PI 0.213(70.6°)
[0.317/0.203/-0306]

0.0
[0.0/0.0/0.이

5.401 
[1.879/1.372/2.151]

2.740 
[0.350/0.596/1.793]

Units in kcal/niol. b C-C-C-X torsional angle=180.0°. c C-C-C-X torsional angle=0.0°. d C-C-C-X torsional angle드 120.0°. e Fully optimized 
C-C-C-X torsional angle. zReference values. 8 Bonded energies/nonbonded energies/torsional energies. For a detailed description, see the 
main text.
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Figure 1. The TPEF of BT calculated by MM3.

180

Figure 2. The TPEF of PF calculated by MM3.

these, BT reveals the largest gauche interaction of 0.81 kcal/ 
mol in MM3. The gauche interaction of PS is slightly lower 
than that of BT by 0.24 kcal/mol, which probably arises 
from a longer C-Si bond compared to a C-C bond. All bu
tane-like fragments containing halogen atoms exhibit di
minished gauche interactions of 0.1-0.3 kcal/mol. The small
er gauche interaction of halogen containing butane-like frag
ments is probably attributed to electrostatically attractive 1,4- 
interactions (CH产…乂卜).The steric hindrance in gauche 
conformations may not be substantial even for PB and PI, 
probably owing to the large C-Br and C-I bond lengths. PF 
displays a diminutive gauche interaction of 0.1 kcal/mol, 
and PI has a 0.2 kcal/mol gauche interaction. The height동 
of rotational barriers appear not to correlate with the gauche/ 
anti energy differences. Rotational barriers seem to be aug
mented with the atomic size, except the case of L The larg
est rotational barrier is 6.4 kcal/mol for the gauche-gauche 
barrier of PB. Except the barrier heights and gauche/anti en
ergy differences, the shape of TPEFs is generally the same 
for all compounds inspected in this work.

In order to comprehend MM3 results better, we have 
probed changes of total steric energies and energy com
ponents for all 6 butane-like fragments according to the 
change of C-C-C-X dihedral angles (X=C, Si, F, Cl, Br, or 
I). Figure 1 to 3 depict those of BT, PF, and PB. Changes 
of energy components also are summarized in Table 2. This 
result clearly demonstrates that torsional energy term is the 
major component in assembling rotational barriers in MM3. 
It seems likely that the torsion시 energy component con
stitutes about 50-80% of conformational energy changes dur
ing rotation. The portion of the torsional energy term which 
constructs total conformational energy changes during the 
rotation varies notably depending on conformations as well 
as compounds. In PF, where rotational barriers are small 
and gauche/anti energy difference is quite shallow, the tor
sional energy term appears to be the major contribution. 
Bonded and nonbonded energy components are less than 1 
kcal/mol. In PB, which has large rotational barriers, bonded

and nonbonded energy components also construct large por
tions of the rotational barrier, and become quite larger at 
the eclipsed conformation. As far as the gauche/anti energy 
difference is concerned, it is difficult to judge which energy 
component contributes more.

Effect of torsional parameters to conformational 
preferences. The MM3 calculated TPEFs exhibit th가 

torsional energy component plays a major role in con
structing rotational isomerisms. However, torsional energy 
component may not be ascribed exclusively to assemble the 
TPEFs, unless the variation of other energy components are 
transferred from torsional energies. Accodingly, the gauche/ 
anti energy differences and the A values may not be in
terpreted by a torsional energy term solely. On the other 
hand, several previous occasions8 indicated that the choice 
of torsional terms is quite important to quantify these values.
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Figure 4. The TPEFs of BT calculated by MM3 with different 
C-C-C-C torsional parameter values (From the top to the bottom, 
the parameter number for the C-C-C-C torsional parameter is 1 
to 11. 6, the middle one, is the standard one used in the MM3 
program The numbers are the parameter numbers given in Table 
3).

Thus, we have decided to alter the values of torsional 
parameters to see whether a certain amount of the change in 
the torsional energy component is reflected directly to the A 
value as well as gauche/anti energy difference.

We have performed a least square fitting of Vb V2, and 
V3 values to yield desired relative energies at minima and 
maxima in the TPEF.9 We have decided to modify the en
ergy difference between gauche and anti conformations up 
to ±1 kcal/mol by a step of 0.2 kcal/mol. Our least square 
analyses inforni that an increase of 0.2 kcal/mol gauche/anti 
energy difference can be achieved by raising the and V2 
values by 0.133 and lowering the V3 value by 0.133, 
without altering relative energies of other conformations. 
On the other hand, a decrease of 0.2 kcal/mol gauche/anti 
energy difference can be obtained by lowering the and 
V2 values by 0.133 and raising the V3 value by 0.133. An 
example of modified TPEFs with different values of the C- 
C-C-C torsional parameter is shown in Figure 4. This result 
clearly demonstrates that changes of the torsional energy 
component are exclusively delivered to the gauche/anti en
ergy differences. By investigating MM energy compoments 
carefully, we have found that other energy components are 
nearly invariant to the changes of torsional energy com
ponent. Although this phenomenon is probably arised from 
the coarseness of MM force field, it appears to provide a 
simple, but useful tactics in refining MM calculated en
ergetics. Our approach enables MM users to obtain accurate 
MM results in energetics by simply modifying the pertinent 
torsional parameters without altering other MM results seri
ously.

We have further applied these parameters to cyclohexane 
systems to calculate the A values. We also have examined 
the relationship between the A value of Me and gauche/anti 
energy differences of BT. The results are depicted in Figure

AE(gauche-anti) in BT (kcal/mol)

Figure 5. Relationship between the A value of Me and the 
gauch/anti energy difference of BT (For details, see Table 3).

5. The A value of Me correlates perfectly with the gauche/ 
anti energy differences of BT. Furthennore, the magnitude 
of the A value of Me is almost twice as the gauche/anti en
ergy difference of BT. Since MM force field is based on ex
tremely simplified forms of interactions, the above perfect 
correlation may come from an artifact in MM calculations, 
rather than from a meaningful chemical reason. We have ex
tended same type of calculations to other molecules, which 
are summarized in Table 3. All the results from other molec
ules essentially display the same trend as that of Me. Thus, 
our maneuver for fitting the torsional parameter can be ap
plied to a broad range of substituents. In addition, it can 
also utilize the experimental data derived from the A values 
as well as gauche/anti energy differences.

Comparison of MM3 calculated A values with 
previous results. The MM3 calculated A values are 
summarized in Table 4 along with previous experimental 
and theoretical results. The A values of all the substituents 
inspected in this study have been examined extensively by 
experimental means.10 Nevertheless, until quite recent years, 
reliable ab initio calculations have not been applied prob
ably due to the large molecular size of these compounds. 
Furthermore, to the best of our knowledge, we have not ob
served any ab initio results for BCH and ICH yet.

Wiberg and Murcko11 have utilized the MP3/6-31G*//HF/ 
6-31G* level of theory to MCH, and have found that the A 
value of Me is 2.01 kcal/mol. Further correction for ZPVE 
by utilizing HF/3-21G* frequency calculations pushes the A 
value of Me to be 2.17 kcal/mol, which is approximately 0.5 
kcal/mol higher than the experimental values. More recently, 
one of authors (S. G. Cho) has carried out MP4(SDTQ)/6- 
31G*//MP2/6-31G* calculations on MCH and SCH.10 Since 
the A values obtained theoretically are the AE1 (0 K) value, 
several steps of thermodynamic corrections should be done 
to compare with experimental data, which are usually re
ported as the △(구* (298 K) value. Full corrections of theoret
ical results to access the (298 K) values require ZPVE, 
TVE, and entropy corrections.13 By following this scheme
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Table 3. MM3 calculated A values and gauche/anti energy diff
erences*1 by using different torsional parameter values

No.
Torsional parameters X Y

V V2 v3 Egauche"Eanti A value
X=BT; Y=MCH

1 0.850 0.835 -0.145 1.817 3.621
2 0.717 0.702 -0.012 1.615 3.258
3 0.584 0.569 0.121 1.414 2.892
4 0.451 0.436 0.254 1.212 2.522
5 0.318 0.303 0.387 1.011 2.149
6h 0.185 0.170 0.520 0.809 1.774
7 0.052 0.037 0.653 0.608 1.398
8 -0.081 -0.096 0.786 0.406 1.019
9 - 0.214 -0.229 0.919 0.204 0.639
10 -0.347 -0.362 1.052 0.003 0.257
11 -0.480 -0.495 1.185 -0.199 -0.126

statistics : A value= 1.861* (Egauche-Eanl^)+G.259 
(conelation coefficient=1.000)

X=PS; Y=SCH
1 0.665 0.665 -0.165 1.567 3.066
2 0.532 0.532 -0.032 1.367 2.687
3 0.399 0.399 0.101 1.167 2.307
4 0.266 0.266 0.234 0.967 1.925
5 0.133 0.133 0.367 0.766 1.543
6b 0.000 0.000 0.500 0.566 1.159
7 -0.133 -0.133 0.633 0.365 0.775
8 -0.266 -0.266 0.766 0.164 0.390
9 -0.399 -0.399 0.899 -0.037 0.004
10 -0.532 -0.532 1.032 -0.237 -0.383
11 -0.665 -0.665. 1.165 -0.438 -0.770

statistics : A value=1.913* 새『E血)뉘).073
(correlation coefficient=1.000)

X=PF; Y=FCH
1 0.665 0.579 0.265 1.103 2.240
2 0.532 0.446 0.398 0.902 1.837
3 0.399 0.313 0.531 0.701 1.434
4 0.266 0.180 0.664 0.500 1.031
5 0.133 0.047 0.797 0.299 0.627
6h 0.000 -0.086 0.930 0.098 0.225
7 -0.133 -0.219 1.063 -0.104 -0.178
8 -0.266 -0.352 1.196 -0.305 - 0.582
9 -0.399 -0.485 1.329 -0.506 -0.985
10 -0.532 -0.618 1.462 -0.708 - 1.388
11 -0.665 — 0.751 1.595 -0.909 -1.792

statistics : A value=2.004* 也卵“仲妒已皿就)쉬)・029
(conelation coefficient=1.000)

X=PC; Y=CCH
1 0.665 0.415 -0.115 1.290 2.542
2 0.532 0.282 0.018 1.090 2.150
3 0.399 0.149 0.151 0.889 1.757
4 0.266 0.016 0.284 0.689 1.364
5 0.133 -0.117 0.417 0.488 0.971
66 0.000 -0.250 0.550 0.287 0.577
7 -0.133 -0.383 0.683 0.086 0.182
8 -0.266 -0.516 0.816 -0.114 -0.213
9 -0.399 -0.649 0.949 -0.315 -0.608
10 -0.532 -0.782 1.082 -0.516 -1.003
11 -0.665 -0.915 1.215 -0.717 -1.399

Table 3. Continued

Torsional parameters X Y
No.-------------------------------------- ---------------- -------------

___________Vi V2 V3 EgyEg A value
statistics: A value=1.964* (Egauche-Eant^0.019

(correlation coefficient=1.000)
X=PB; Y=BCH

1 0.665 0.255 0.395 1.321 2.596
2 0.532 0.122 0.528 1.121 2.208
3 0.399 -0.011 0.661 0.922 1.819
4 0.266 -0.144 0.794 0.722 1.430
5 0.133 -0.277 0.927 0.522 1.040

0.000 丄 0.410 1.060 0322 0.650
7 -0.133 - 0.543 1.193 0.122 0.259
8 -0.266 -0.676 1.326 -0.078 -0.133
9 -0.399 -0.809 1.459 -0.279 -0.525
10 -0.532 -0.942 1.592 -0.479 -0.917
11 -0.665 -1.075 1.725 -0.680 -1310

statistics: A value=1.952* (Egauche-Eant^+0.Q19
(correlation coefficients1.000) 

Units in kcal/mol. b Regular parameters.

X=PI; Y=ICH
1 0.665 0.165 -0.398 1.190 2.256
2 0.532 0.032 -0.265 0.996 1.882
3 0.399 -0.101 -0.132 0.801 1.506
4 0.266 -0.234 0.001 0.606 1.129
5 0.133 -0367 0.134 0.410 0.750
6b 0.000 -0.500 0.267 0.213 0.371
7 -0.133 -0.633 0.400 0.016 -0.010
8 -0.266 -0.766 0.533 -0.181 -0.391
9 -0.399 -0.899 0.666 -0.379 -0.774
10 -0.532 - 1.032 0.799 -0.578 -1.157
11 -0.665 -1.165 0.932 -0.776 -1.541

statistics: A value=1.931* (Egauche-Eant^)-0.041
(conelation coefhcient그1.000)

vious Experimental and Theoretical Values
Table 4. Comparison of MM3 Calculated A V시ues" with Pre

Substituent MM36 Experimental 
Workc Ab Initio

ch3 1.77 1.6/ 1.74* 2.14/ 2.17s
SiH3 1.16 1.45/ 1.52' 1.9(/
F 0.23 0.35/ 0.25* - 0.69’
Cl 0.58 0.53,m 0.641 1.01"
Br 0.65 0.53,° 0.50’
I 0.37 0.49°

"Units in kcal/mol. h This work. c Except when noted,
experimental data are taken from ref. 1(c). dIn neat liquid at 163 
K. eln CFCl/CDCL at 300 K. zAt the MP4(SDTQ)/6-31G*//MP 
2/6-31G* level (including zero point vibrational energy (ZPVE), 
thermal vibrational energy, and entropy corrections), ref. 10. 
'At the MP3/6-31G*//HF/6-31G*+ZPVE. ZPVE is from HF/3- 
21G* calculations, ref. 11. AIn CDC12 at 188 K. *In the gas 
phase at 300 K. 7 In CS2 at 183 K. *In the gas phase at 243 K. 
‘At the MP4(SDTQ)/6-31G*//MP2/6-31G* level, ref. 12. mIn CS2 
at 191 K. "At the HF/6-31G* level, ref. 12. °In CS2 at 189 K.
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to acquire the AG1 (298 K) value from MP4(SDTQ)/6-31G 
*//MP2/6-31G* calculations, our best estimates for the A 
values of Me and SiH3 are 2.14, and 1.90 kcal/mol, respec
tively.10 Both improving basis sets and incorporating higher 
order electron correlation terms hardly alter the A values. 
Although these values are within the limit of accuracy 
which can be obtained from the state-of-art ab initio cal
culations, the ab initio calculated A values of Me and SiH3 
appear to be approximately 0.5 kcal/mol higher than ex
perimental values.

Salzner and Schleyer have examined the A values of F 
and Cl by using ab initio calculations.12 Surprisingly, and in 
contrast to previous experimental results, FCH is calculated 
to be more stable (0.6 kcal/mol) in an axial position than in 
an equatorial one at MP4/6-31 G*//MP2/6-31G* +ZPVE.12 
On the other hand, the SCF calculation with the 6-31+G* 
basis set yields the A value of F to be 0.3 kcal/mol, which 
is in excellent agreement with the experimental value.10 
Thus, it is very hard for one to judge which level of ab in
itio theory is good enough to be utilized for the reference of 
MM force fields. Much higher levels of ab initio theories 
with the larger basis sets such as QCISD/6-311++G** may 
address these quantities properly, but these levels of theo
ries are hardly accessible with our computational resources 
due to the large size of molecules.

When one bears the performance of high level initio theo
ries in mind, the MM3 calculated A values are, in fact, in 
an excellent agreement with experimental results. Errors 
from experimental values are less than 0.5 kcal/mol.

Comments on the magnitude of the A value.
The magnitude of the A values reflects the conformational 
preference of that particular substituent. The main reason to 
adapt the equatorial position preferentially over the axial po
sition is known to be a steric reason, which is attributed to 
the size of a substituent. By Allowing the same reason, we 
can interpret the preference of the anti conformation over 
the gauche conformation. The size of a substituent alone, 
however, do not fully accounts for the magnitude of the A 
value. For instance, the A value of SiH3, 1.16 kc시/mol, is 
significantly smaller than the one of Me, 1.77 kcal/mol (see 
Table 4). If the magnitude of the A value is explained in 
terms of the size of a substituent, it is surprising that the A 
value of SiH3 is smaller than that of Me, since the volume 
of SiH3 is presumably much larger than that of Me. A con
ceivable explanation for this is the longer Si-C bond (1.894 
A) compared to the C-C bond (1.539 A).10 Therefore, the 
SiH3 group attached to cyclohexane resides further from oth
er atoms in the ring. An erratic variation of the A values in 
a series of halogen substituents also seems to be a com
promise between the C-X bond length and the size of X 
atom.

Conclusions

We have investigated the relationship between the con
formational preference of various groups and the values of 
relevant torsional parameters. We are able to。바ain desired 
gauche/anti energy differences by manipulating the values 
of torsional parameters. These values of torsional paramet
ers have further been applied to the substituents of cyclic 6- 
membered ring systems. Our MM3 calculations with the cur

rent torsional parameters furnish excellent values, which are 
in an good agreement with the experimental ones. Furth
ermore, in MM3, the A values correlate perfectly with the 
gauche/anti energy differences. Thus, both the A value등 and 
gauche/anti energy differences can be acquired by simply 
modifying the relevant torsional parameter, although the 
analysis of MM calculated energy components indicates 
that the torsional energy components are not exclusively at
tributed to the TPEFs. Our study demonstrates that (1) MM3 
calculated A values are dictated by torsional parameters, 
and may not be physically meaningful ones, and (2) the 
user can modify the A values in MM3 by simply updating 
the values of a torsional parameter if accurate experimental 
results of the A value are available. On the basis on our 
MM and previous results, the magnitude of the A value 
seems to be a compromise between the bond lengths and 
the size of subtituents.
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Barrier Height from VT Characteristics of Semiconductor Contact • 
Reaction of Adsorbed Oxygen with Carbon Monoxide on ZnO (1010)
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B airier height 으h the surface was monitored at 77 K by observing the inflection of V-I characteristics of ZnO 
(I010)-Zn0(1010) contact in the surface reaction of oxygen species with- carbon monoxide. The contact show
ed inflections at 10-20 mV and 10-50 mV for the sample adsorbed oxygen at 298 K and 573 K, respectively. 
When the sample adsorbed oxygen at 573 K was exposed to carbon monoxide at 298 K and 573 K, in
flections were observed at 10-40 mV and 10-30 mV, respectively. The results indicated that the adsorption of 
oxygen on ZnO increased the surface barrier height, and the reaction of carbon monoxide with the oxygen- 
preadsorbed (at 573 K) ZnO decreased the surface barrier height.

Introduction

Catalytic reactions on semiconductor surface are often 
controlled by the surface barrier of the semiconductor 
which was developed by reactants. A measurement of the 
barrier height during the reaction process is important to 
understand the detailed mechanism of the reactions. We 
found a method to estimate the variation of the surface bar
rier height using V-I characteristics of semiconductor-sem
iconductor contact.

When acceptor type molecules are adsorbed on the sur
face of an n-type semiconductor crystal with nh or ND-NA 
bulk electrons, the electrons in the semiconductor move to 
the molecules leaving a depletion layer with a depth, x0- 
The mathematical description of surface barrier height 
of the layer is obtained from Poisson relation.1

停=么-N函 ⑴

2,Ks£q

where k” e0 and qe are the static dielectric constant of sem
iconductor (=8 for ZnO), the permittivity of the vacuum (8. 
854x10 12 C2m and the unit charge (1.602 x 10"19 C), 
respectively. If faces of two semiconductors with the same 
layer are contacted and a bias voltage is applied to them, 
the new surface barrier height of the negatively biased sem
iconductor, Vs~ becomes2

vq。卜寫 ⑵

and the surface barrier height of the positively biased sem

iconductor, Vs+ becomes

Vi叩+糸j ⑶

Since the electron moves from the negatively biased sem
iconductor to the positively biased semiconductor through 
the contact zone, the electron current can be given by

A 一建二
I^C T ne •伐 qe~ e W (V< 4停)

= 伐任쓰 V (V>4VS°) (4)

where c, T, ne and |丄° are the fraction of contact of the cry
stals, the tunneling factor through the contact, the number 
of free electron per unit volume and the mobility of the elec
tron, respectively. Eq. (4) implies that V-I characteristics 
shows inflection at the bias voltage, 4V： for the depletion 
layer. In the mo아 cases, V-I characteristics shows a simple 
straight line and it is difficult to decide the bias voltage 
showing the inflection. We represented V-I characteristics as 
I-kV vs. V plot to visualize the inflection where k is the 
mean conductance of the sample. In fact, the contact of two 
single crystals is a sum of many microscopic contacts hav
ing different heights of the surface barrier and there can be 
many inflections. In this paper, we reported observations on 
the variation of surface barrier height in the surface reaction 
of carbon monoxide with adsorbed oxygen on ZnO surface.

Experimental

Polished single crystal ZnO(lOlO) was obtained from A-


