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Vapor-Phase Structure and Conformation of a Long-Chain 
«-Alkane. An Electron Diffraction Study 
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Abstract: The structure of n-hexadecane has been determined at a nozzle temperature of 150 0C by gas-phase electron diffrac
tion. Molecular parameters, averaged over the diverse conformers present, were found to be (±3<r)rg(C-C) = 1.542 ± 0.004 
A, rg(C-H) = 1. 130 ± 0.008 A, ZCCC = 114.6 ± 0.6°, ZCCH = 110.4 ± 1.1°, gauche CCCC dihedral angle = 64.9 ± 10°, 
and AG° (the gauche-trans free energy difference per gauche link) = 275 ± 350 cal/mol. Amplitudes of vibration were also 
measured. The average C-C bond is 0.01 A longer than C-C bonds reported in short-chain vapor-phase n-alkanes. This in
crease is interpreted as indicating a difference between interior methylene-methylene bonds and bonds at or near a chain end. 
Other evidence, including ab initio and potential energy minimization calculations, is cited in support of such an effect of envi
ronment on bond length. The diffraction data also suggest site-to-site variations in structure consistent with a picture in which 
gauche C H 2 - C H T steric interactions deform local CCC bond angles and trans CCCC dihedral angles. A value for the charac
teristic ratio of condensed polymethylene was calculated, based on the M-hexadecane vapor-phase parameters and a three-state 
model. The result, 7.9 ± 2 (3cr), agreed with the experimental value of 6.8 ± 0.3 to within experimental error. 

Information about the structure and rotational isomeriza-
tion of hydrocarbon chains is of concern to chemists in varied 
areas of research. Extensive studies have been made of the 
structures of both short and long chains as they exist in crystals, 
constrained to be in their all-trans form. Only a few investi
gations of the structures and conformational energy differences 
of free vapor-phase hydrocarbon chains have been published 
and, heretofore, these have been carried out on relatively short 
n-alkanes («-heptane or shorter).1-3 Because the short chains 
appear to possess very similar structures and conformational 
energy differences, it has been often assumed, in the absence 
of other information, that average bond lengths, angles, and 
gauche-trans energy differences are independent of the chain 
length, In view of the fact that long hydrocarbon chains com
monly occur in compounds of concern to chemists and biolo
gists, it was of interest to learn from electron diffraction studies 

that this assumption may not be quantitatively valid. Therefore, 
we report our findings for n-hexadecane, a considerably longer 
chain hydrocarbon than has previously been studied in the 
vapor phase. 

Experimental Section 

A sample of n-hexadecane with a stated purity of 99 mol % was 
obtained from the Aldrich Chemical Co. and was used without further 
purification. The sample was heated to 150 0C in a nozzle furnace of 
Hargittai's design4 to provide a pressure5 of 23 Torr [1 Torr = 
(101.325/760) kPa]. Scattering patterns provided by 40 kV incident 
electrons were obtained at the 21-, 11-, and 7-cm camera distances 
through a rotating r3 sector and at the 21-cm distance through a ro
tating r2 sector. Diffraction patterns were recorded on 4 X 5 in. Kodak 
Electron Image plates using the University of Michigan apparatus.6 

Experimental conditions are summarized in Table I. 
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Table I. Experimental Conditions under which Diffraction 
Patterns of «-Hexadecane Were Recorded 

Camera distance, cm 
Sector (radius, cm) 
Sample temperature, 0C 
Sample pressure, torr 
Exposure time, s 
Beam currents, MA 
Nozzle throat diameter, 

I 

21.538 
r2(3.2) 
150 
15 
1.5 
0.700 
0.041 

II 

21.550 
r3 (4.8) 
150 
15 
9 
0.728 
0.041 

III 

10.472 
r3(4.8) 
150 
15 
40 
0.700 
0.041 

IV 

6.035 
r3 (4.8) 
150 
15 
90 

0.041 

Nozzle lip to beam dist, 0.100 0.18 0.17 0.18 
cm 

Electron wavelength, A 0.06015 0.06015 0.06015 0.06015 
Number of plates 5 5 5 4 

Voltages proportional to the photographic densities were measured 
with the automated microphotometer and recording system described 
elsewhere.6 The derived absorbances, A, were then converted to rel
ative intensities, E, via the relationship7 

£ = /4(1 +0.116/4 + 0.017/42 + 0.003 12/43) (D 
Four or five plates from each camera distance were chosen, and the 
intensities for each group were averaged together. These were trans
formed to leveled intensities, Io(s), in the conventional manner, using 
the partial wave elastic and inelastic scattering factors tabulated by 
Schafer, Yates, and Bonham.8 The experimental s and /0(s) values, 
as well as the interpolated s, Io(s), and background functions, IB(S), 
used in the analysis are given in the supplementary material. 

Molecular Model 

«-Hexadecane is too large a molecule to analyze without 
introducing simplifications into the molecular description. A 
molecule of«-hexadecane has 1225 internuclear distances in 
a given conformation and can exist in well over a million con
formations. Therefore, it was necessary to formulate a statis
tical model structure with mean bond lengths, angles, ampli
tudes of vibration, and a mean gauche-trans free energy dif
ference. 

Five independent geometrical parameters were chosen to 
characterize the structure. These were the average C-C and 
C-H bond lengths, the average CCC and HCH bond angles, 
and the average gauche CCCC dihedral angle. All trans di
hedral angles were fixed at 180° (torsional and other shrinkage 
corrections were made, however). All methylene groups were 
assumed to possess local Cic symmetry. Configurations con
taining gauche+-gauche~ sites were excluded. The excess free 
energy of a configuration containing a multiple number n of 
gauche sites was assumed to be equal to n times the excess free 
energy of a single gauche site (i.e., AG°gg = 2AG°g, etc.), in
dependent of the environment of the gauche site. 

Many of the longer internuclear distances in «-hexadecane 
correspond to very broad peaks in the radial distribution 
function and therefore may be neglected in an analysis con
cerned with short-range structural features. Since the shortest 
1,7-C—C distance was 5.0 A, had a low multiplicity, and ex
hibited a large amplitude of vibration, it seemed unprofitable 
to retain C - C contributions more remote than 1,7. In initial 
stages of the refinement, no C - H or H - H contributions be
yond 1,5 were considered. Once the values of the independent 
parameters had been fairly well determined, the intensity 
arising from the many 1,6- and 1,7-C—H distances were 
computed for several different values of the gauche-trans free 
energy difference. Since it would have been expensive and of 
minor import to refine these distances simultaneously with the 
other parameters, their diffraction contributions were sub
tracted from the total molecular intensity to reduce possible 
interferences with C - C diffraction features. The independent 

parameters were then refined by least squares. Only a marginal 
improvement in agreement between calculated and observed 
intensities resulted, and the parameters themselves did not 
change significantly, showing that the neglect of C - H and 
H - H contributions from beyond 1,5 is justified. 

A model which allowed the explicit specification of all C - C 
distances through 1,7 and all C - H and H - H distances 
through 1,5 was devised. Multiplicities of the C - C distances 
were obtained from the assumed values of AG0 (gauche-trans). 
The multiplicities of the various 1,7 distances were determined 
from the ratio of gauche-containing conformations to the all 
trans conformation, which is dependent upon AG0 according 
to the relationship 

% gauche/% all trans = M exp(-nAG°/RT) (2) 

where M is the number of ways a given gauche-containing 
configuration can occur in a chain (for example, the configu
ration TGTG can occur in eight different ways) and n is the 
number of gauche sites contained in that configuration. Again, 
conformations containing gauche+-gauche_ sites were con
sidered too improbable to be taken into account. The M values 
used in eq 2 for the various 1—7 distances were the multiplic
ities of the various «-heptane configurations given in ref 3. Due 
to the constraints imposed by the disallowance of the 
gauche+-gauche_ configuration, it was necessary to adopt a 
reference segment length to give a basis for determining the 
multiplicities of the various 1,4-through 1,7-C—C distances. 
For simplicity, a 7-carbon segment rather than the full 16-
carbon skeleton was chosen. Multiplicities computed by taking 
8- or 10-carbon segments were so similar to those computed 
on the 7-carbon basis that it seemed unjustified to go to a more 
complex analysis. Multiplicities for the C - H and H - H dis
tances were determined from the multiplicities of the various 
skeletal rotational configurations. 

The rigid exclusion of gauche+-gauche~ configurations 
cannot be quantitatively correct. However, calculations per
formed with the model force field MUB-2,9 which is based 
upon carefully calibrated nonbonded interactions, indicate that 
this severely strained configuration imparts a strain energy of 
about 3 kcal/mol in addition to 2AG0. Therefore, the influence 
of the exclusion of gauche+-gauche~ on the values determined 
for the C - C multiplicities may be assumed to be small. In 
chains much longer than Ci6 where a sharp bend may be sta
bilized by a favorable packing of one chain segment against 
another, the above exclusion would be too restrictive and 
chain-chain interactions would vitiate eq 2. 

The assumption of a 7-carbon skeleton as the basis upon 
which the C - C multiplicities are calculated introduces a 
systematic error into the value determined for AG0, causing 
it, in the absence of any other perturbing factors, to be slightly 
overestimated. However, the assumption that the free energy 
of a gauche conformation is site independent probably intro
duces at least as large an error (of unknown sign) into the AG0 

value as does the use of the 7-carbon basis. 

Analysis of Data 

After intensities from each camera distance were subjected 
to preliminary least-squares analysis to arrive at background 
functions, the data from the various camera distances were 
blended, yielding a smooth molecular intensity curve ranging 
from s = 2.20 to 46.81. Weights proportional to s were used 
throughout the least-squares analyses. The s]l2-weighted re
siduals were evenly distributed throughout the data space, 
indicating that the weight matrix adopted was reasonable. A 
succession of least-squares analyses of the intensity data was 
performed, adopting different fixed values of AG0. The value 
chosen for AG0 had a negligible effect upon the values derived 
for the structural parameters, but an appreciable effect on the 

Fitzwater and Bartell / Vapor-Phase Structure and Conformation of a Long-Chain n-Alkane 



8340 
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Figure 1. Reduced molecular intensity curves for n-hexadecane. Points, 
experimental; solid line, theoretical. AsM(s) is experimental - theoreti
cal. 
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Figure 2. Experimental radial distribution curve for n-hexadecane. A/"(r) 
is experimental - theoretical. 

Table II. Mean Molecular Parameters and Estimated Errors 
(3cr) for «-Hexadecane 

Parameter 

C-C 
C-H 
1,3-C-C 
1,3-C-H 
1 >4-(C"*LJ gauche 
1,4-(C-C)lrans 

ZCCC 
ZCCH 

.. expt] 

1.542(4) 
1.130(8) 
2.587(5)' 
2.201 (8)'' 
3.186 (51)^ 
3.940(7)' 

114.6 (.6) 
110.4(1.1) 

/gexptl 

0.057 (5) 
0.087(10) 
0.086(11) 
0.121 (11) 
0.216(51) 
0.097(12)'' 

/HCH 
Gauche 

/ calcd * 
'(butane) 

0.051 
0.079 
0.077 
0.110 
0.201 
0.077 

99.5 (4.5) 
65(10) 

dihedral 
angle 

Index of resolution I j 0.97,0.90,0.95,0.86 
Camera dist (sector)! [21 (r2), 21 (r3), 11 (r3), 7 (r3) 

<T(/)/</> =0.0018 
Site-to-site variations: see text 

" Distances in A, angles in deg. * Based on field of ref 23, as 
applied in ref 7; at 420 K. c Uncertainties do not include 
uncertainties in shrinkages adopted. d Parameter not refined 
simultaneously with others; trial and error estimate. 

fit of the intensity function. The best value of AG0 was taken 
to be that yielding the minimum value of <r(/). 

Far too many distances occur in the observed region of the 
radial distribution curve to permit the determination of all 
amplitudes of vibration. The mean bonded C-C and C-H, 
1,3-C—C and C - H , and 1,4 gauche C - C , amplitudes were 
varied freely along with the previously specified independent 
structural parameters. Amplitudes for the other distances were 
not varied along with the independent parameters but were 
assigned plausible values. Initially, sets of amplitudes were 
derived from analogous n-butane values10 and from Mas-
tryukov and Cyvin's formulas for computing C - C and C - H 
amplitudes." Later, the l,4-trans-C—C and the average 1,5-
and greater C - C , 1,4-C—H, and 1,3-H—H amplitudes were 
allowed to vary once a good structure for a given value of AG° 
had been obtained, but these were never varied in concert with 
the independent parameters. Values for shrinkage corrections 
applied to the various internuclear distances were estimated 
by rough extrapolations from related values determined for 
«-butane.7 Morse asymmetry constants of 2.0 A - 1 were 
adopted for all distances. In the final stages of the analysis, 
once the values for the primary parameters were well estab
lished, certain amplitudes and shrinkages were adjusted by 

hand to reduce residuals in the radial distribution curve. The 
shrinkages and assumed or marginally determined amplitudes 
used in the analysis are given in the microfilm edition. 

Results 

Structural Parameters. Table II lists the values determined 
for the independent parameters and their estimated limits of 
error. The limits of error reported (except for the gauche di
hedral angle) are three times the least-squares standard de
viations corrected (approximately) for the effects of correlation 
of the weighted residuals according to the formulation of 
Bartell and Anashkin,'2 eq 9. A y value of 1 A was used. The 
error limit given for the average gauche CCCC dihedral angle 
should be regarded as a plausible subjective estimate; the di
hedral angle parameter was correlated with some of the am
plitudes (notably the 3.5 A C - H amplitude) and shrinkages 
which were not varied freely. Elements of the correlation 
matrix are listed in Table HI. The values given in Tables II and 
III were determined assuming AG0 = 296 cal/mol (a value 
very close to the best value). Figure 1 shows the blended mo
lecular intensity function and residuals while Figure 2 shows 
the corresponding radial distribution curve, again for AG0 = 
296 cal/mol. 

The best value of AG0 was found to be 275 cal/mol as de
scribed in the previous section. Figure 3 compares the experi
mental and theoretical radial distribution curves, computed 
for various values of AG0, in a region sensitive to the confor
mational composition. Visual inspection of Figure 3 reinforces 
the least-squares result for AG° in suggesting a value between 
296 and 185 cal/mol [i.e., exp(-AG°/RT) between 0.7 and 
0.8] but it also reveals the limited sensitivity of the electron 
diffraction method for this particular parameter. A statistical 
limit of error of ±250 cal/mol for AG° was estimated from the 
curvature of a(I) as a function of AG0; however, this value does 
not reflect the effects of the slight model dependence exhibited 
by the a(I) or the approximations implicit in the molecular 
model. Hence, a more reasonable estimate of the limits of error 
for the AG0 value is ±350 cal/mol. The experimental value 
may be compared with the average value of 500 ± 220 cal/mol 
(~3<T) for butane through heptane determined by electron 
diffraction.10 Model field MUB-2 applied to the six gauche-
containing conformers of «-hexane (each fully relaxed) yields 
an average value for A£° per gauche link of 609 cal/mol (a 
priori weights) and a site-to-site scatter characterized by a 98 
cal/mol standard deviation.25 

Calculation of the Characteristic Ratio of Polymethylene. 
n-Hexadecane may be regarded as a "micro-polymer" with 
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(T' 

rc c 

0.641 

^C-H 

1.67 

zCCC 

0.132 

1AZHCH 

0.515 

rcccc(G) 

1.65 

'c-c 

0.770 

/c-H 

1.73 

/|,3-CC 

1.90 

/1.3-CH 

2.43 

1.4-CCgauche 

14.5 

Rb 

0.00932 

1.000 0.068 
1.000 

-0.481 
-0.009 

1.000 

0.222 
0.408 

-0.360 
1.000 

0.084 
-0.027 
0.060 

-0.022 
1.000 

0.118 
0.020 
0.049 
0.179 
0.030 
1.000 

0.099 
0.087 

-0.041 
0.148 
0.015 
0.193 
1.000 

0.055 
-0.007 
-0.042 

0.216 
0.189 
0.211 
0.124 
1.000 

0.019 
0.010 
0.097 

-0.007 
-0.029 

0.106 
0.064 
0.085 
1.000 

-0.140 
-0.081 

0.080 
-0.241 
-0.302 
-0.167 
-0.108 
-0.109 
-0.065 

1.000 

0.158 
0.025 

-0.070 
0.343 
0.039 
0.594 
0.354 
0.358 
0.184 

-0.282 
1.000 

" From zero-order error matrix, notation of ref 12, AG0 fixed at 296 cal/mol. 
r and / in thousandths of an A unit, angles in deg, R is dimensionless. 

a chemical composition homologous to that of polymethylene. 
It is instructive to examine whether structural properties of free 
«-hexadecane molecules can be used to infer related properties 
of polymers in condensed phases. One polymer parameter of
fering a particularly appropriate basis for comparison is the 
characteristic ratio. 

The characteristic ratio is defined as {r2)o/nl2, where (r2)o 
is the mean-square distance between the two ends of the chain, 
corrected for the effects of excluded volume, n is the number 
of segments in the polymer chain, and / is the length of each 
segment. The characteristic ratio usually approaches a constant 
for a statistical distribution of chain conformers of a given 
polymer as the chain length increases. Experimental values of 
the characteristic ratio may be determined from light scat
tering and solution viscosity measurements. A theoretical value 
may be computed from average structural parameters and 
conformational free energy differences according to a simple 
three-state statistical model as formulated by a number of 
researchers. Abe, Jernigan, and Flory have published a cal
culation of this type for polymethylene,13 using structural 
parameters and a gauche-trans free energy difference obtained 
from experimental studies on small n-alkanes. The only nec
essary parameter not available from experiment, the 
(gauche+-gauche_) — (gauche+-gauche+) free energy dif
ference (hereafter referred to as A<j°g+g-), was computed with 
the aid of a model force field parameterized to reproduce the 
assumed n-butane gauche-trans free energy difference to 500 
cal/mol. Because «-hexadecane is expected to be more like 
polymethylene than are the shorter n-alkanes, and since 
MUB-2 is a more highly parameterized and extensively tested 
model force field than is the one used by Abe, Jernigan, and 
Flory, it was of interest to recalculate the characteristic ratio 
from this newer information. 

MUB-2 calculations on n-nonane suggest a value of 3 
kcal/mol for AG°s+g-. With this information and Hoeve's 
formula for the characteristic ratio of a chain of infinite 
length,14 the only parameters needed from the «-hexadecane 
structure study were the average CCC bond angle, gauche 
CCCC dihedral angle, and gauche-trans free energy differ
ence. The trans dihedral angle was taken to be 180°, which 
value had been assumed throughout the structure determi
nation. Calculation of the characteristic ratio with a CCC 
angle of 114.5°, a gauche CCCC angle of 65°, AG°(gauche-
trans) equal to 275 cal/mol, and AG°g+g- equal to 3 kcal/mol 
gives a value of 7.9, which may be compared with the experi
mental value of 6.8 ± 0.3.15 Since the limit of error of the 
computed value resulting from the propagation of the esti
mated limits of error of the CCC angle, the gauche CCCC 
angle, and AG0 (gauche-trans) is ±2 , the difference between 
the computed and experimental values is not significant. 

Index of resolution.c Zero-order standard deviations, distances 

EXPERIMENTAL 
CALCULATED 

ca l/mole 

B5.2 

AG-O 

7 

Figure 3. Experimental and calculated radial distribution curves for the 
region sensitive to AG0, the mean free energy difference between gauche 
and trans conformations in n-hexadecane. The vertical f(r) scale shown 
applies to the lowest curve. 

Discussion 

Characteristic Ratio. The results of the characteristic ratio 
calculation are somewhat inconclusive. Abe, Jernigan, and 
Flory computed a slightly lower value for the characteristic 
ratio (7.6 according to the three-state model) from the small 
«-alkane data than we obtained from the n-hexadecane and 
MUB-2 data. Among the small alkane parameters adopted by 
Flory et al. (112°, 65°, 500 cal/mol, and 2 kcal/mol for the 
average CCC angle, gauche CCCC angle, AG°(gauche-trans), 
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Figure 4. Influence of geminal C-H repulsive interactions upon meth
ylene-methylene C-C bond lengths. In (a) the exterior methylene hy
drogens may relax away from the plane bisecting the CCC angle, as shown, 
allowing the exterior methylene-methylene bond to contract. In (b) the 
interior methylene hydrogens in all trans segments are constrained by 
symmetry to lie in the plane bisecting the CCC angle and, hence, the C-H 
clearances are smaller and lead to longer C-C bond lengths in the interior 
than near the exterior of the molecule. 

and AGg+g-, respectively) the CCC bond angle is the one dif
fering most significantly when compared with the n-hexa-
decane, MUB-2 data set. However, a value of 114° or more 
for the CCC angle seems indicated for vapor-phase molecules 
of n-hexadecane and n-butane.716 If a CCC bond angle of 
114° instead of 112° had been used in the characteristic ratio 
calculation detailed in ref 13, the computed value would have 
increased to about 8.2. In any event, the difference between 
the two computed values is smaller than the effects of the 
various uncertainties in model and experiment. Similarly, the 
possible difference between theoretical and experimental 
characteristic ratios is not established precisely enough to re
veal any systematic differences between the conformations of 
vapor-phase n-alkanes and condensed polymethylene. 

Structure. Although the small n-alkane data and the n-
hexadecane data gave approximately the same value for the 
characteristic ratio, there are significant differences between 
the structural parameters for the smaller and larger molecules. 
The mean bond lengths determined for n-hexadecane are 
longer than those in the short-chain n-alkanes studied pre
viously. It is highly improbable that the apparent increase re
sults from an experimental error. First, the wavelength of the 
diffraction beam was checked, by measurement of both the 
voltage and ZnO patterns. Second, as an independent check, 
another set of 21-cm plates was taken and analyzed after a 
preliminary data analysis on the first set had been completed. 
The new data confirmed the original results. The sample 
temperature was not high enough to cause by itself a significant 
increase in the rg bond lengths, either by increasing the am
plitude of vibration of the anharmonic oscillators (3a/2/2 
contribution) or by increasing the concentration of gauche 
conformers, which presumably have longer bonds. Indeed, the 
bonded amplitudes of vibration are not markedly different 
from those determined for the shorter n-alkanes.1'2 Some other 
explanation of n-hexadecane's long bond lengths must be 
sought. 

The increase in the C-H bond length is of dubious signifi
cance, for the uncertainty in the value determined for the C-H 
bond length is fairly high, as were the uncertainties in the 
values determined for the C-H bond lengths of the shorter 
n-alkanes.1'2 However, the increase in the C-C bond relative 
to the shorter n-alkanes is significant. Now, the average C-C 
bond in n-hexadecane must correspond very nearly to a 
methylene-methylene bond in the interior of a hydrocarbon 

Table IV. Bond Lengths Calculated Using MUB-2 

Bond type Value, A 

1.534 
1.533 
1.534" 
1 .535* 
1.537'' 

Methyl-methyl (ethane) 
Methyl-methylene (propane) 
Exterior methylene-exterior methylene (n-butane) 
Exterior methylene-interior methylene (n-pentane) 
Interior methylene-interior methylene (n-octane, n-

nonane) 

" Average of trans and gauche isomers assuming AC0 = 550 cal/ 
mol. h Average of TT, TG, and GG isomers assuming \C° = 600 
cal/mol. ' Average of interior TT, TG, and GG bond lengths assuming 
AC0 = 275 cal/mol. See text. 

chain, and there is some evidence that such bonds may be 
longer than those near the end of a hydrocarbon chain. For 
example, STO-3G molecular orbital calculations on ethane, 
propane, and gauche and rrans-n-butane indicate that the 
methyl-(exterior) methylene bond is about 0.003 A longer 
than the methyl-methyl bond, and that the gauche (exterior)-
methylene-(exterior) methylene bond is perhaps 0.006 A 
longer than the methyl-methylene bond (for trans, the dif
ference is about 0.004 A).17 Calculations on ethane and pro
pane performed with a more flexible 4-3IG basis set give 
qualitative support to the STO-3G results; here, the difference 
between the (exterior) methylene-methyl and methyl-methyl 
C-C bonds is 0.001 A.17 Structural studies on cyclic alkanes 
indicate that the length of a methylene-methylene C-C bond 
may be somewhat greater than the mean C-C bond length 
determined for the shorter n-alkanes. The most recent study 
of cyclohexane18 gives a C-C rB bond length (±3<r) of 1.536 
± 0.006 A, while an electron diffraction study of cyclodecane19 

gives a length of 1.545 ± 0.002 A. These results are equivocal 
apart from experimental error, for bonds in cyclohexane are 
free of certain nonbonded repulsions that exist in gauche sites 
in n-alkanes, and in cyclodecane the bonds around the ring 
depart appreciably from staggered conformations, causing 
effects upon the mean C-C bond length that are difficult to 
assess. Nevertheless, there is evidence, discussed below, that 
the mean length of an interior methylene bond differs from that 
of an exterior methylene bond. 

Inferences of the effects of nonbonded repulsions were made 
by performing energy minimization calculations with the 
model force field MUB-2.9 Since this field has reproduced 
experimental structural parameters quite faithfully in a series 
of smaller strained and unstrained hydrocarbons, it may be of 
some utility in analyses of differences between interior and 
exterior methylene-methylene C-C bonds. Table III gives the 
lengths of different types of C-C single bonds calculated using 
MUB-2. The interior methylene-methylene bond length listed 
was obtained by averaging the bond lengths computed for TT, 
TG, and GG conformations located in the middle of n-octane 
or n-nonane chains, assuming AG0 = 275 cal/mol. As may be 
seen, the interior methylene-methylene bonds are somewhat 
longer than the exterior methylene-methylene bonds. This 
variation of bond length with distance from the molecular end 
quickly leveled off. Part of the lengthening of C-C bonds as 
a function of chain length appears to be the result of the in
creased concentration of interior gauche bonds naturally oc
curring with increased chain length. Gauche bonds tend to be 
longer than their trans counterparts because of increased steric 
repulsions. However, the major portion of the bond length 
increase stems, according to MUB-2 results, from increased 
C-H geminal repulsions as the bond angles increase from their 
natural exterior to interior values (see Figure 4). The ultimate 
factor in this trend is the difference between H-CH2 and 
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C-CH 2 environments. The field MUB-2 gives only an ap
proximate account of the difference. 

Other manifestations of steric interactions in n-hydrocarbon 
chains are site-to-site variations of structure parameters of the 
kinds postulated in previous work.3 The most prominent of 
these are believed to be represented by the deformations A<j>, 
e, and r; illustrated in Figure 5. Deformation A<£ increases the 
gauche dihedral angle from its "natural" value of 60°. The 
second deformation characterizes the opening up of a CCC 
bond angle by e, or 2t, when one, or both, of the C-C bonds 
forming the angle are involved in gauche internal rotations. 
The remaining parameter r/ represents the displacement of the 
trans dihedral angle from 180° induced by an adjacent gauche 
conformation. Presumably the deformations are additive, 
giving 0 for ( - T [ T ] T - ) , v for ( -T [T]G- ) , 2r; for ( - G + [ T ] 
G + - ) , and 0 for ( - G + [ T ] G - - ) . The additive pattern of the 
postulated deformations e and r/ was supported by later po
tential energy minimization calculations with the model force 
fields MUB-I20 and MUB-29 which yielded A<t> = 2.8° (5.4°), 
e = 1.23° (1.44°), and r/ = 4.8° (3.1°), the MUB-2 results in 
parentheses. These deformations are too subtle to be isolated 
accurately from the statistical superposition of internuclear 
distances derived from the vapor-phase diffraction data. Their 
effects are shown in two ways, however. First, the breadths of 
the composite distribution peaks for internuclear distances are 
greater than those characteristic of individual peaks. This may 
be seen by comparing the experimental mean amplitudes of 
n-hexadecane in Table II with the corresponding mean am
plitudes calculated for n-butane from vibrational frequencies. 
Second, the deformation parameters introduce small system
atic changes in ensemble-average internuclear distances, as 
follows. 

The displacement A^ corresponding to an increase in the 
3.1 A gauche 1,3-C-C distance was determined, crudely, di
rectly from the diffraction data to be 5 ± 10° (±3c). The other 
mean deformations of a long chain can be shown, as sketched 
previously,3 for the 3.9 A 1,4-(C-C)7 , 4.6 A 1,5-(C-C)TG , 
and 5.1 A 1,5-(C—C)TT peaks, to be (angles in radians, T = 
420 K, AG0 as indicated): 

(T~ro)3.9 = -0.42e - 0.2Ir/2 (0 cal/mol) 

= -0.26e - 0.18r;2 (500 cal/mol) 

(r~rQ)4.6 = 0.45e + 0.39r; (0 cal/mol) 

= 0.92e + 0.39T7 (500 cal/mol) 

(r-r0)5A = -0.61« (0 cal/mol) 

= - 0 . 4 7 e (500 cal/mol) 

Reference distances r0 are assumed to be calculated from the 
mean values of the 1.5 A C-C, 2.5 A C - C , and 3.1 A C - C 
internuclear distances as corrected for harmonic vibrational 
shrinkage effects.21 If e and rj are assigned their MUB-I or 
MUB-2 computed values, the 3.9 and 5.1 A peaks are displaced 
inwards by about 0.01 A while the 4.6 A peak moves out by 
perhaps 0.05 A. Now, the calculated 3.9 A displacement is 
consistent with the fact, observed empirically, that in order to 
fit the well-defined peak it was necessary to adopt a shrinkage 
approximately 0.01 A greater than that calculated for n-butane 
from spectroscopic data.2 2 2 3 Since no vibrational shrinkage 
has been calculated for the weaker 4.6 A peak and since the 
peak position is uncertain by several hundredths of an angstrom 
unit, anyway, it is not possible to assign an accurate defor
mation displacement to the peak. There does appear to be a 
displacement outwards, however, as is evident in Figure 3. 
Therefore, it may be concluded that the experimental data are 
suggestive of site-to-site deformations and that the deformation 
magnitudes are consistent with those implicit in the model force 

Fitzwater and Bartell / Vapor-

Figure 5. Identification of parameters A0, «, and y\ associated with the 
deformation of a trans conformation by an adjacent gauche conforma
tion. 

fields. Quantitative assessments of the deformations cannot 
be extracted from the data, however, until detailed vibrational 
corrections are calculated, and even after such corrections 
become available, no great precision can be expected for the 
deformation parameters. 

The greatest value of the present study is the directness with 
which it revealed conformational properties of free n-hydro
carbon chains of substantial length. Even if precise values could 
not be obtained for all conformational parameters of interest, 
certain features worthy of note were found. In particular, the 
major structural parameters derived differed appreciably from 
parameters found in studies of long hydrocarbon chains in 
crystals24 and of shorter hydrocarbon chains in the vapor 
phase. Previous reports of CCC bond angles are more com
monly in the range of 112 than 114.6°, though a recent in
vestigation of vapor-phase n-butane yielded 114°.7 '10 Even 
more strikingly, the present long-chain C-C bond lengths ex
ceed those in short-chain alkanes by 0.01 A. While we were 
initially surprised to find this great a difference, the result is 
not out of line with other evidence, as discussed in the forego
ing. 
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Abstract: Electronic spectra over the 200-900-nm region are reported for mulls (80 K) and solutions (298 K) of 
Cu(NH2CH2CH1SCH,)2-2C104, [Cu(BuSCH2CH2SBu)-2X]2 (X = Cl, Br), Cu(BuSCH2CH2SBu)2-2C104, Cu(O2C-
CH2SCH2CH2SCH2C02)-H20, Cu(en)2-2C104, Cu(en)2-H20-2X, and [Cu(Me2NCH2CH2NMe2)-2Xh. Analyses of the 
ligand field and ligand to metal charge-transfer absorptions (LMCT) have been restricted to the mull spectra in order to ex
ploit the structural information that was available from crystallographic studies. Particular attention has been devoted to the 
characterization of S(thioether) - • Cu(II) LMCT. Identification of such absorptions in mixed ligand complexes was facilitat
ed by characterizing the energies of N —*• Cu(II) and X —"Cu(II) LMCT absorptions in the sulfur-free Cu(II) complexes stud
ied. Additional indications of Cu(II)-S interactions were derived from NMR line-broadening and Raman studies. Approxi
mately planar CuS2N2, CuS2Cl2, and CuS4 ligand sets exhibit a strong absorption in the 22-26-jum-1 energy region which is 
assigned to CT(S) —• Cu(II) LMCT. The observed variation in energy of this absorption may reflect the relative position of the 
Cu(II) d vacancy (i.e., ligand-field strength). Relative to the <r(S) —>- Cu(II) LMCT absorptions, those assignable in part to 
7r(S) —• Cu(II) LMCT were considerably less intense, red-shifted by ~0.5-0.7 Mm-', and were not well separated in energy 
from interfering ligand field absorptions. Apparently LMCT absorption originating from the T orbital of thioether is consider
ably less intense than from the IT orbitals of mercaptide. 

A variety of studies have indicated that a S(cysteine)-
Cu(II) chromophore is responsible for the intense coloration 
of the blue copper proteins.2 As a result, the electronic struc
tural nature of Cu(II) interactions-with S donor ligands has 
acquired considerable research interest. Most sulfur ligands 
either undergo redox reactions with Cu(II) or have interfering 
optical spectra of their own. Simple mercaptides are instan
taneously oxidized by Cu(II), while tertiary mercaptides 
such as HSC(CHj)2CH2NH2

3 1 1 and HSC(CHj) 2 CH-
( N H 2 ) C 0 2 H 3 b react with Cu(II) to form complex 
([Cu(I)J6[Cu(II)J6 (ligand)i2Cl) cluster structures. Because 
of the availability of well characterized stable Cu(II) com
plexes with simple thioether ligands, they are an attractive 
vehicle for initiating an electronic structural investigation of 
Cu(II)-S bonding. This does not imply that Cu(II)-thioether 
complexes are appropriate bioinorganic models for the blue 
copper proteins, one of which (stellacyanin) does not contain 
any methionine residues.4 

The study of Cu(II)-thioether bonding, until recently, 
largely has been restricted to solution equilibria and NMR 
line-broadening measurements.5 A number of recent crystal
lographic studies have elucidated the structural parameters 

of Cu(I I)-thioether bonding in a variety of complexes. These 
include: C u ( M e 2 N C ( = 0 ) C H 2 S C H 2 C ( = 0 ) N M e 2 ) - 2 C l , 6 

C u L - 2 0 0 4 (L = a macrocyclic tetrathioether),7 

Cu(NH 2 CH.CH 2 SCH 3 ) r2C10 4 , 8 [Cu(BuSCH2CH2SBu)-
2Cl]2,9 and [CuL'-Cl-Cl64]2 (L' = 3,4-bis(2-aminoethyl-
thio)toluene).'° In view of this available structural information, 
the nature of Cu(N)-thioether bonding now may be probed 
by electronic-spectral measurements. 

We have been able to locate only two prior electronic spec
tral studies of Cu(II)-thioether complexes. A recent spectral 
study of Cu(II) complexes with various macrocyclic po-
lythioether ligands was not accompanied by band assign
ments.7 Also presented without detailed interpretation were 
the spectra of Cu(II) complexes with the series of ligands 
- 0 2 C C H 2 S ( C H 2 C H 2 S ) „ C H 2 C 0 2 - (n = 0, 1,2)." 

We report here the measurement and partial assignment of 
the electronic spectra of Cu(NH2CH2CH2SCH,)2-2C104 , 
[Cu(BuSCH,CH,SBu)-2Cl]2, [Cu(BuSCH2CH,SBu)-2Br]2, 
Cu(BuSCH 2CH 2SBu).-2Cio 4 , and Cu(O2C-
CH 2 SCH 2 CH 2 SCH 2 C0 2 ) -H 2 0. The molecular structures 
of the first two complexes are known from crystallographic 
studies; those of the latter complexes have been established in 
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