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Introduction

Elucidation of motional behaviors of r아ativ이y short chain 

molecules such as m-alkanes of moderate chain length in 

neat liquid or dissolved state ha옹 eagerly been pursued by 

molecular scientists because it provides the basis of unders­

tanding of local segmental motions in more complex polymer 

molecules including biopolymers as w시］ as synthetic ones. 

Despite great efforts by many investigators, however, fluxio- 

nal nature of the structures of these chain molecules has 

thus far defied our attempts to describe their motional beha­

viors quantitatively in terms of simple dynamical models. 

The motions of each segment in these molecules are not 

fully independent of those of other segments in contrast to 

the case of small molecules. Instead, they are cooperatively 

coupled to one another in a complicated manner as is mani­

fested by kink formation and propagation.1-3 In order to 

make the analysis of these complicated motions mathemati­

cally tractable one usually treat the problem as that of multi­

ple internal rotations about the skeleton o bonds, which in­
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volve rapid interconversion among various rotational isomers, 

and ignore all other modes of bond stretching and deforming 

vibration. Even with this simplifying approximation it still 

remains formidable to treat the problem quantitatively since 

internal rotation about a single bond may induce complicated 

cooperative counter-rotations about neighboring bonds due 

to the frictional forces exerted by surrounding solvent mole­

cules.

Although dynamical motions of a wormlike chain can be 

kept track of as a function of time under some given condi­

tions using the powerful modem computer techniques/-8 it 

is also desirable to find a simple model which can provide 

a qualitative and intuitive description of those modes of mo­

tions which make predominant contributions to the relaxation 

mechanism of interest. The brute-fore computer techniques 

can provide detailed dynamical informations about this sys­

tem but their computational procedures, though fast and 

powerful, have some drawbacks in that they involve too 

many adjustable parameters and are time-consuming. Moreo­

ver, they are largely uneconomical when only qualitative 

treatment of data is required. For this reason we have atte­

mpted in this paper to interpret the observed relaxation time 

data for n-alkanes on the basis of internal rotational diffusion 

model such as treated by Wallach9 (hereafter, referred to 

as the IRD model) and the London-Avitabile (L-A) model.3 

These two models are conceptually very crude and introduce 

some simplifying approximations to make the calculation ma­

nageable; nevertheless, they provide us a clearcut picture 

and, at least, a qualitative insight of the dynamical processes 

occurring in these molecules. Theory by Monnerie et a/.10,11 

provides more sophisticated, quantitative explanation of these 

processes, but we have adopted more naive models, particu­

larly the L-A model, in the hope that they might serve as 

a stepping stone for a more refined theory that we intend 

to develop along the similar line in the near future.

In the present study several branchless m-alkanes ranging 

from m-octane to «-dodecane have been dissolved in CDC13 

and the spin-lattice relaxation time Ti has been measured 

for each backbone carbon-13 in these compounds as a func­

tion of temperature under the condition of broadband proton 

decoupling. Thus obtained data have been interpreted on 

the basis of the IRD and the L-A model assuming that pre­

dominant relaxation mechanism is that due to dipolar coupli­

ngs between directly bonded 13C and 파L The results show 

that the rotational diffusion constants for carbons in the al­

kane backbone are all within the range of 1O9-1O10 sec-1 in 

magnitude while the mean lifetimes for rotational isomers 

are on the average of the order of 10_lo-10-11 sec over the 

temperature range of 248-318 K. It is also confirmed that 

as we move along the carbon backbone from the center of 

chain toward terminal side Ti value increases, indicating the 

chain end is more mobile than the center part. Activation 

energies for conformational interconversion between gauche 

and trans forms are found to be within the range of 2-4 

kcal/mol for all the compounds investigated, which indicates 

that the conformational interconversions in these molecules 

probably proceed through type 2 transition as proposed by 

Helfand.1,2

Theory

It is w이 1 known that, if magnetic dipole-dipole interaction 

between 13C and 'H provides the dominant relaxation path­

way, the spin-lattice relaxation time 7\ for a 13C nucleus 

under broadband proton decoupling can be expressed as fol­

lows:12

¥ = 쌔(2M)2L/o((dh-(dc)+3/i(0c)+6・/2(0h+«)c)] (1)

1 I Zu

where R is the dipolar coupling constant defined by Eq. (2) 

and M is the number of protons attached to this car­

bon.

E 徐) * 齐c 요 ⑵

po： magnetic permeability constant;

Yh, Yc： magnetogyric ratio of 'H and 13C, respectively; 

rc-H： distance between directly bonded lH and 13C.

乙(®) is the spectral density at frequencyof the relevant 

autocorrelation function Gm(r) appearing in dipolar relaxation 

theory as shown in Eqs. (3) and (4):

R(®) = ( G«(r) exp( - zcor) dx

J -co
(*oo

=2 Gm(r) cos(g)t) Jr (3)
J o

and

G„(r) = VY刼(Qc-h。))Y2m* (Qc-Ha+T))>, (4)

where I領(Qc-h。))is the 协th component of second-order 

spherical harmonics of the orientation of C-H internuclear 

vector, £1c-hG), with respect to the laboratory fixed frame 

at time t and the angular bracket < > denotes the average 

over equilibrium ensemble. If the motion of C-H vector with 

respect to the laboratory-fixed coordinates is isotropic, then 

it can be shown that Gm(x), hence is independent of 

the index m. Therefore we will henceforth drop the index 

from the expressions for G(r) and /((o). Instead we will affix 

the subscript N to indicate the expressions are for the N- 

th carbon.

In order to study the segmental nations it is desirable 

to describe the relative motions of a C-H internuclear vector 

with respect to neighboring C-H vectors. Hence it would 

be convenient if we choose a molecule-fixed coordiantes 

frame whose origin is taken at the position of innermost 

carbon in the chain due to experimental considerations and 

then perform the transformation successively from this coor­

dinates to the C-H bond-fixed coordinates through internal 

rotational coordinate transformations. If these transforma­

tions are invoked and use is made of the properties of Wig­

ner rotation matrices associated with them, Gn(t) can be 

shown to take the following form:

Gn(k)= £ daf,(p)^(p)-dno(|3,)d„o(3，)
a, b, £■,■■■, n 
b'f n'

Xexp( —6Z>or)<expE?laYo(0~^l) …

X exp[/{nyo (N— ItN) —n'*( 、N— —N)门〉， (5)

where N denotes the N-th carbon atom (counting from the 

innermost atom), the (/— !)->/ symbol indicates the internal 
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coordinates system transformation, g is the polar angle bet­

ween two successive C-C bonds, 0' is the azimuthal angle 

between C-C bond and successive C-H bond, and

is the real reduced Wigner matrix elements. We will assume 

here that the rotational motion of moleculefixed coordinates 

can be described by isotropic rotational diffusion constant 

Co­

Calculation of the ensemble average in Eq. (5) has been 

attempted by several authors on the basis of various theore­

tical models such as internal rotational diffusion model,913 

jump diffusion model,1415 extended diffusion model,16 etc. 

Among these we will restrict our attention to the IRD model 

used by Wallach and the L-A model proposed by London 

and Avitabile (a jump diffusion model) which we utilize to 

analyze our experimental results.

Internal Rotational Diffusion Model9. In this model 

it is assumed that the internal rotation about each C-C bond 

is free and independent of the rotation about other C-C 

bonds. The ensemble average in Eq. (5) may be calculate 

as follows:

<expL：(伽 Yo 一師 ’Yt) I >

= J 丿 的混队月，。, 0) P(yt, 비为, 0) 以认认冰如一師'*)]

(6) 

where 0) is the orientational a priori probability of di­

hedral angle y0 at initial state and P(yr, T|y0( 0) is the condi­

tional probability that the internal angle has the value yT 

at time x when it is known to have the value y0 at time 

0. If a priori probability F(yo, 0) is assumed constant and 

the rotation about C-C bond is diffusional, it can be shown 

that the above ensemble average is reduced to the following 

form:

<exp[z(my0-m ]> = exp( -m2Dr) (7)

where D is the diffusion coeffcient for rotation about a C- 

C bond. Thus we obtain from Eqs. (5) and (7)

&(T)= £ 
a,b, ■■■, n

^-expL~ (6Do-}-a2Di^-b2D2^---成2DQd (8)

By making use of Eq. (8) we can write down the explicit 

form of Gvh) and for each carbon in a given n-alkane 

molecule. We present the formulas for 7" derived under the 

extreme narrowing condition up to the sixth carbon in Ap­

pendix I.

London-Avitabile Model3. In this mod이 the reorien­

tation of C-H bonds is described as conformational finite 

jumps of 2n/3 among three non-equivalent sites denoted by 

trans, gauche+, and gauche^ forms (see Figure 1) and the 

jump processes are treated on the basis of the first-order 

kinetics. Also, each conformational jump about any C-C bond 

is assumed independent of one another.

gauche+(y=2n/3) trans(y=0) gauche-(r= -2n/3)

0) (t) (矿) (9)

If we denote the mean lifetime for trans and gauche state, 

respectively^ by q and xg, the rate constant for jumping from 

the trans to gauche state and the inverse rate constant may 

be set equal to l/2r( and l/xgr respectively. In this model

Figure 1. Conformational jumps and bond rotational potential 

energy in n-alkanes.

it is also assumed that direct jumps between gauche+ and 

gauche- are forb거den because they are energetically un­

favorable. In this case the expression of Eq. (6) should be 

replaced by

< exp[z (myo 一 w Yr)] >

= 2 Z F(Yo, 0)F(Yt, 디 Yo, 0)
Y0=0,2n/3, ~2tt/3 yT=0, 2jt/3, -2ti/3

x expEKwYo-w^r)] ■ (10)

From the rate equations for conformational interconver­

sions shown in Eq. (11), London and Avitabile have derived 

the expressions for the conditional probabilities 旳다 rly0, 

0) and utilized them to show that

<exp[i(”5須)2 (11)

where o is defined to be the relative probability of being 

in a gauche vs. trans state divided by 2; viz.,

。=竞=卫*丄 (12)

with [Q [g* 〕，and respectively, representing the equi­

librium concentration of trans, gauche+, and gauche- con­

formers. In the Lz)ndon-Avitabile model o is assumed to be 

the same for all the C-C bonds.

The matrix A in Eq. (11) turned out to be a 5X5 matrix 

satisfying the Allowing relations

—m, —m' —4 —m

and

■A—2, -2—^4-1, -1=41,1=42,2 ■

The expressions for the matrix elements are given 

in Appendix IL

Substitution of Eq. (11) into Eq. (5) leads to
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6\&) = 1，/(1 + 2《丄疔51乂-6如)Aaadabdab'^'
a. b. —, n 

b'. €', ■■■.«,

〉QM，dn0 dn.o expE( - 2n/3):(M -矿)] (13)

The last exponential term on the righthand side of Eq. (13) 

is introduced due to the coordinates transformation from 

C-C bond to C-H bond. Taking the symmetry property of 

reduced Wigner matrix elements dmm> into account, the real 

part of GKu) may finally be written as

G%)= [ (島시" exp( - 6D0r) s „

b'.…,n'

XlAaa dab 为〕[(一 1)«' J dbc 必打…

X [(-dmn dmt丄I[(一 1)m+m，Annf d”弗肩

X cos[ (2n/3) (n — nf)J (14)

In Appendix III the explicit forms of G^Cc) for this mod이 

are presented up to the sixth carbon in the chain. These 

Ga灯)'s are then Fourier-transformed to yi이d the relaxation 

time formulae. Thus the Ti at the position of each carbon 

is found as a function of afs and r/s for all the preceeding 

carbons and C-C bonds. In order to prevent the calculation 

from becoming unduly complicated we have introduced the 

following approximations:

(i) o may be somewhat different for different C-C bond, 

but we assume it remains constant over the range of carbon 

chain investigated at a given temperature and depends only 

on temperature via the relation

a=exp( — AEgt/RT), (15)

where AE# is the energy difference between trans and gau­

che state.

(ii) As a reasonable value for A% we have taken 0.8 

kcal/mole reported for w-butane.17

(iii) We also assume that the extreme narrowing approxi­

mation is valid for all the compounds investigated in this 

paper.

Experimentals

w-Octane through m-dodecane, all of spectroscopic grade, 

were purchased from Aldrich Chemical Co., Inc. The purity 

of these reagents were confirmed to be better than 99% 

by gas chromatography, but they were further purified by 

distillation under vacuum befor use. Four different solutions 

of 50, 20, 10, 5% (v/v) concentration in CDCI3 were prepared 

for each compound and were put in 10 mm (O.D.) NMR 

tubes. These tubes were sealed under vacuum after they 

were degassed by repeating the standard freeze-pump-thaw 

cycle four times. T/s have been measured for all of these 

samples to find the adequate concentration at which inter- 

molecular effects are negligible. Ti values found for 10 and 

5% solutions were very close to each other and we have 

decided that at the concentration of 5% intermolecular ef­

fects are negligibly small. Thus all the Ti data for 13C repor­

ted in this paper are those for 5% solutions in CDC13 of 

the investigated compounds.

AH the Ti measurements were performed on a Varian 

VXR-200S NMR spectrometer operating at the fi사d of 4.7

Figure 2. Stacked 13C inversion recovery spectra under broad­

band proton decoupling for w-octane.

Table 1. Measured Relaxation Times T\ for Carbon-13 and Ef­

fective Correlation Times in m-Octane

T (K)

13C Relaxation Times, 

T\ (sec)

Effective Conflation

Times, 3 (Id sec)

Co G C2 c3 Co G C2 C3

248 4.14 4.47 4.90 6.24 5.94 5.50 5.02 3.94

258 4.77 5.11 5.57 7.28 5.16 4.81 4.42 3.38

268 5.54 5.91 6.40 8.23 4.44 4.16 3.84 2.99

278 6.16 6.70 7.22 9.10 3.99 3.67 3.41 2.70

288 6.64 7.27 7.93 10.38 3.70 3.38 3.10 2.37

298 7.62 8.30 9.17 11.90 3.23 2.96 2.68 2.07

308 8.49 9.23 10.27 13.50 2.90 2.67 2.40 1.82

318 9.42 10.22 12.43 15.23 2.61 2.41 1.98 1.61

Activation energy, Ea (Kcal/mol) 1.81 1.84 2.00 1.97

T under the condition of broadband proton decoupling by 

making use of the standard inversion recovery method. In 

order to enhance the signal sensitivity 20 or more FID's 

were collected for each measurement and to ensure the full 

recovery of equilibrium magnetization before applying a n 

pulse the delay time between two consecutive n-r-n/2 pulse 

sequences was taken to be longer than five times the estima­

ted Ti value. The width for n/2 pulse used was 16.5 卩sec. 

An illustrative example is shown in Figure 2. On the other 
hand, ^C-Oh) NOE factors18 were evaluated via comparison 

of integrated intensities of spectral lines obtained under the 

condition of NOE enhancement and NOE suppression in the 

gated decoupling experiments and they were found to be 

nearly 2 for all the CH2 carbons along the chain. The sample 

temperature was varied over the range of 238-318 K while 

being monitored with a calibrated copper-constantan thermo­

couple detector placed inside the probe to the accuracy fo 

士 0.5t. The chemical shift assignment for each 13C signal 

was made on the basis of Grant-Paul rule19 for linear alkane 

chains. All the T\ data obtained at several different tempera­

tures are listed in Table 1 through 5.

Calculation of Dynamic Parameters

Since the observed NOE factors are close to the theoretical
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Table 2. Measured Relaxation Times Ti for Carbon-13 and Ef­

fective Correlation Times in n-Nonane

13C Relaxation Times, Effective Corr이ation

T (K) (sec) Times, reff (10-12 sec)

Co Ci C2 C3 C4 Co Cj C2 C3 C4
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7.22 6.65 6.04 3.82

5.68 5.18 4.72 3.18

4.94 4.52 4.09 2.83

3.98 3.66 3.35 2.41

3.52 3.26 2.95 2.17

3.12 2.87 2.65 1.98

2.91 2.71 2.44 1.81

Activation energy, Ea (Kcal/mol) 2.29 2.32 2.30 2.29 1.88

Table 3. Measured Relaxation Times T、for Carbon-13 and Ef­

fective Correlation Times in n-Decane

T (K)

13C Relaxation Times, 

Ti (sec)

Effective Correlation

Times, reff (10-12 sec)

Co Ci C2 C3 C4 Co Cl C2 C3 C4

248 2.80 2.92 3.30 3.75 4.65 8.79 8.42 7.45 6.56 5.29

258 2.99 3.13 3.53 4.05 5.18 8.23 7.86 6.97 6.07 4.75

268 3.32 3.50 3.93 4.60 5.85 7.41 7.03 6.26 5.35 4.21

278 3.91 4.12 4.61 5.35 6.75 6.29 5.97 5.34 4.60 3.64

288 4.35 4.63 5.24 6.04 7.91 5.66 5.31 4.69 4.07 3.11

298 4.90 5.21 5.95 6.85 9.83 5.02 4.72 4.13 3.59 2.50

308 5.58 5.99 6.42 7.54 10.93 4.27 3.98 3.71 3.16 2.18

318 6.26 6.74 7.61 8.85 12.44 3.93 3.65 3.23 2.78 1.98

Activation energy, Ea (Kcal/mol) 1.89 1.96 1.93 1.91 2.32

73
 

2

maximum value for all the CH2 carbons, we may conclude 

the dominant relaxation pathway is dipolar mechanism. 

Therefore we have calculated the effective correlation times, 

Jeff's for CH2 carbons in the extreme narrowing limit from 

Eq. (16) and listed them in Tables 1 through 5.

才=(号)2 0鷲已切

= 2.15X1O1o7VhW (16)

Since * reflects the change of the orientation of C-H vector 

in the laboratory-fixed frame, it is expected to become shor­

ter as we move away from the molecular center. Our results 

are in accord with this expectation. The Arrhenius-type plots 

of the observed 曲勺 for C-H vectors in various n-alkanes 

are shown in Figure 3 through 7, which show the following 

relationship is valid:

*=珈 exp(E，/RT) (17)

Although the mobility of a CH2 group may be reflected

Table 4. Measured Relaxation Times Ti for Carbon-13 and Effective Corr이ation Times in M-Undecane

T (K)-

13C Relaxation Times, (sec) Effective Correlation Times, teff (IO-12 sec)

Co Ci C2 C3 C4 C5 Co Ci C2 C3 C4 C5

248 2.04 2.13 2.36 2.72 3.07 4.14 12.06 11.55 10.42 9.04 8.01 5.94

258 2.29 2.43 2.75 3.20 3.74 5.27 10.74 10.12 8.95 7.69 6.58 4.67

268 2.76 2.94 3.29 3.86 4.59 6.54 8.91 8.37 7.48 6.37 5.36 3.76

278 3.14 3.35 3.86 4.49 5.35 7.59 7.83 7.34 6.37 5.48 4.60 3.24

288 3.35 3.61 4.31 5.07 5.99 8.58 7.34 6.81 5.71 4.85 4.11 2.87

298 3.71 4.01 4.89 5.77 6.75 9.60 6.63 6.13 5.03 4.26 3.64 2.56

308 4.15 4.67 5.65 6.72 8.01 10.98 5.92 5.27 4.35 3.66 3.07 2.24

Activation energy, Ea (Kcal/mol) 1.79 1.94 2.20 2.26 2.35 2.40

13C Relaxation Times, (sec) Effective Correlation Times, reff (10-12 sec)

Table 5. Measured Relaxation Times T\ for Carbon-13 and Effective Conflation Times in n-Dodecane

T (K)-------
Co Cl c2 c3 c4 C5 Co Ci C2 C3 C4 C5

248 2.16 2.11 2.35 2.72 3.20 4.88 11.39 11.66 10.47 9.04 7.69 5.04

258 2.32 2.39 2.59 3.08 3.71 5.51 10.60 10.29 9.50 7.99 6.63 4.46

268 2.57 2.66 2.98 3.44 4.13 6.20 9.57 9.25 8.26 7.15 5.96 3.97

278 2.86 2.97 3.35 3.97 4.74 6.96 8.60 8.28 7.34 6.20 5.19 3.53

288 3.12 3.26 3.65 438 5.23 7.62 7.88 7.55 6.74 5.62 4.70 3.23

298 3.40 3.62 4.03 4.81 5.59 8.29 7.24 6.80 6.10 5.11 4.40 2.97

308 4.00 4.13 4.62 5.56 6.63 9.78 6.15 5.96 5.32 4.42 3.71 2.52

318 4.56 4.78 5.41 6.33 7.68 11.48 5.39 5.15 4.55 3.89 3.20 2.14

Activation energy, E'a (Kcal/mol) 1.64 1.76 1.81 1.86 1.87 1.82
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by reff, we are more mterested in the diffusion coefficients, 

D's, for the IRD model and the lifetimes of trans and gauche 

conformers, ‘다 and xg, for the London-Avitabile model, since 

it is these quantities, rather than reff( that correctly describe 

the relative motion of a CH2 group with respect to neighbo­

ring inner CH2 s. D and 자 for each C-C bond have been 

obtained by comparing measured T/s with those calculated 

numerically from the expressions given in Appendix I, II 

and III under the extreme narrowing condition. Calculations 

have been made on an IBM 386 PC using the program writ­

ten in the C and Pascal language and the results are shown 

in Table 6 through 10 and Figure 8 through 12. As we can 

see from these figures, the pl아 of ln(l/하) vs (1/T) gives

25.6

27.1 -

5
 

2
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26
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L
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25 r I I 1 1 ■ • ■ ' ,.
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Figure 6. Plot of ln(l/Teff) vs. 1/T for 粗-undec저ne

straight lines which means the Allowing Arrhenius-type re­

lation holds:

*=0 exp(-籌) (18)

where Et is a measure of activation energy for the transition 

£Tg. Eq. (18) also give옹 the information about xg, when coup­

led with Eq. (5), from which one can calculate Egf a measure 

of acivation energy for the transition gf. The difference 

between these two activation energies (△%) is 0.80 kcal/ 

mole as we have assumed at the outset of calculation. In 

contrast to 산｝is, the IRD model can yield only the informa­

tion about the average activation energies ET through the
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1000/T(K_,)

Figure 7. Plot of ln(l/-ueff) vs. 1/T for w-dodecane.

Table 6. Rotational Diffusion Constants Calculated from the IRD 

Mod이 and Mean Lifetimes for ZraM5-Conformer Obtained from 

the L-A Model for w-Octane

T (K)

Rotational Diffusion

Constants, D (109 see-1)
Life Times, •다 (IO-11 sec)

C0-C1 C1-C2 C2-C3Co-Ci C1-C2 C2-C3

248 5.50 9.00 26.10 7.44 5.90 1.58

258 5.65 9.55 33.10 6.45 5.26 1.29

268 6.13 10.20 35.10 5.27 4.53 1.17

278 8.99 11.60 36.10 3.72 3.57 1.04

288 10.65 14.50 47.55 3.10 2.88 0.80

298 11.34 18.27 53.46 2.56 2.26 0.67

308 12.33 30.98 55.99 2.15 1.86 0.55

318 13.25 42.85 75.25 1.81 1.11 0.46

Activation 

energy 

(Kcal/mol)

Ef 2.00 2.84 2.03 Et 3.26 3.06 2.51

Table 7. Rotational Diffusion Constants Calculated from the IRD Model and Mean Lifetimes for Zrans-Confonner Obtained from 

the L-A Model for w-Nonane

T (K)
Rotational Diffusion Constants, D (109 see-1) Life Times, (10-11 sec)

C0-C1 CrC2 C2-C3 C3-C4 C0-C1 C1-C2 C2-C3 C3-C4

248 4.17 6.04 7.55 46.70 11.13 9.07 8.08 1.47

258 5.17 8.54 9.60 48.85 8.04 6.29 5.89 1.23

268 6.20 9.50 11.65 51.35 6.35 5.27 4.82 1.07

278 7.50 11.05 12.95 53.50 3.93 3.68 3.62 0.76

288 8.30 12.25 14.10 55.20 3.59 3.27 3.24 0.70

298 9.49 14.25 15.30 58.70 3.09 2.82 2.85 0.57

308 10.70 16.70 17.60 68.35 2.74 2.45 2.47 0.41

Activation 

energy 

(Kcal/mol)

2.50 2.52 2.40 1.83 .Et 3.64 3.33 3.14 2.53

Ta이e 8. Rotational Diffusion Constants Calculated from the IRD Model and Mean Lifetimes for 海”Conformer Obtained from

the L-A Model for m-Decane

T (K)
RotationalI Diffusion Constants, D (109 see-1) Life Times, (10-11 sec)

Co-C] C1-C2 C2-C3 cq C0-C1 C1-C2 C2-C3 C3-C4

248 1.98 7.09 9.70 18.12 20.00 9.81 7.69 2.60

258 2.31 7.55 11.00 22.75 16.94 8.90 6.79 2.17

268 2.96 8.25 13.80 25.75 13.09 7.65 5.50 1.85

278 3.50 9.40 15.30 28.70 10.18 6.31 4.71 1.58

288 4.65 11.85 16.95 39.80 7.64 4.85 3.90 1.21

298 5.15 14.25 19.35 60.69 6.37 3.95 3.27 0.79

308 6.79 15.24 22.61 66.98 4.68 - 3.20 2.63 0.62

318 7.97 17.35 25.90 73.10 3.78 2.78 2.27 0.46

Activation 

energy 

(Kcal/mol)

Ef .3.13 2.18 2.14 3.46 Et 3.89 3.02 2.79 2.45
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• Table 9. Rotational Diffusion Constants Calculated from the IRD Model and Mean Lifetimes for ^nzMS-Conformer Obtained from 

the L-A Mod이 for n-UndeCane

(Kcal/mol)

T (K)—
Rotational Diffusion (Xinstants, D (109 see-1) Life Times, r, (IO11 sec)

Cq-Ci C1-C2 C2-C3 C3-C4 C4-C5 C0-C1 C1-C2 C2-C3 C3-C4 C4-C5

248 1.48 4.35 7.40 7.85 2130 30.70 16.11 11.20 9.77 2.98

258 2.31 6.18 9.44 11.65 31.05 20.32. 11.05 8.19 6.74 2.05

268 . 2.97 6.88 11.68 15.64 40.10 14.89 9.19 6.59 5.16 1.56

278 3.49 9.96 13.48 18.16 46.05 12.02 6.59 5.22 4.13 1.28

288 • 4.32 13.51 16.85 19.82 53.00 9.75 4.89 4.02 3.37 1.05

298 4.99 16.98 19.90 21.40 57.90 8.11 3.87 3.27 2.81 0.89

308 8.80 19.86 23.73 27.65 60.95 4.87 2.96 2.54 2.08 0.69

Activation 

energy Ef 3.88 4.18 2.90 3.00 3.04 Et 3.83 3.72 3.67 3.23 3.01

Table 10. Rotation끼 Diffusion C이】stants Calculated from the IRD Model and Mean Lifetimes for fnzws-Conformer Obtained from 

the L-A Model for n-Dodecane

24.8

T (K)—
Rotational Diffusion Constants, D (109 see-1) Life Times, rf (IO-11 sec)

C0-C1 C1-C2 C2-C3 c3-c4 C4-C5 Cq-Ci C1-C2 C2-C3 C3-C4 C4-C5

248 0.83 4.32 7.62 10.24 34.50 44.08 17.58 11.53 8.78 2.19

258 J.16 3.75 9.55 13.55 37.45 32.08 17.88 9.81 7.03 1.91

268 1.47 5.90 9.60 14.30 42.85 25.12 11.87 8.41 6.14 1.64

278 1.81 7.05 12.75 16.60 45.90 19.88 . 9.66 6.44 4.96 1.42

288 2.31 7.33 14.76 18.61 49.35 15.68 8.66 5.56 4.31 1.27

298 3.65 8.10 1570 17.50 55.40 10.77 7.13 4.86 4.06 1.13

308 1.95 9.10 19.10 23.45 65.50 12.45 6.72 4.23 3.21 0.89

318 4.65 11.85 19.20 28.35 79.20 8.16 4.79 3.59 2.55 0.64

Activation 

energy E'

(Kcal/mol)

4.07 2.18 2.18 2.21 2.04 Et 3.96 2.83 2.65 2.60 2.39
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Hgure 8. Plot of ln(l/rf) vs. 1/T for m-octane. Rgure 9. Plot of ln(l/r() vs. 1/T for w-nonane.
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illation

D=Dq exp( - ~흞; ) (19)

We have listed the values of Et and E‘ obtained in this man­

ner in Tables 6 through 10.

Results and Discussion

A quick look at Table 6 through 10 tells us that the bar­

riers to rotation about C-C bond옹 are in the range of 2-4 

kcal/mol, which approximately correspond to those associated 

to the internal rotation of a single bond in a small m이ecule, 

for all the compounds investigated in this work and slowly

1000/T(K_,)

Figure 12. Plot of ln(l/r/) vs. 1/T for n-dodecane.

increase as we move toward inner C-C bond along the chain. 

This is rather surprising, because much more rapid increase 

would be expected considering the effect of frictional force 

exerted by the solvent molecules. As Monnerie et 泌20 have 

pointed out, these low barrier heights and their gradual va­

riation may be ascribed to the fact that actual rotations about 

C-C bonds proceed through the type 2 motions in Helfand^ 

terminology, in which each rotation about a C-C bond is 

accompanied by P-coupled counter rotation(s) in neighboring 

C-C bonds. Earlier it has been asserted by Helfand21 that 

this type of motion can appreciably reduce the frictional for­

ces due to solvent molecules. Our observations are consistent 

with his assertion. Where it not for the segmental flexibilty 

of the chain, we would have much larger variation in barrier 

height. In predicting such trends, however, the IRD model 

does not seem to provide consistent results, as we can see 

from E' values listed in Tables 6 through 10, while the L- 

A model gives more satisfactory answers. This is not unusual 

considering that the IRD model is conceptually much cruder 

than the L-A model. Thus one may say that the IRD model 

is too crude to be used for the study of segmental motions 

even for such short chain compounds as w-alkanes ranging 

from octane to dodecane. The L-A model provides a simple 

way to correlate the barrier height to rotation about C-C 

bonds with observed NMR relaxation data, but its great wea­

kness lies in the fact that it does not explicitly take the 

correlations among rotations about different C-C bonds into 

formulation. But it does not disregard such correlations ei­

ther. In fact a t~~>g transition may involve many different 

correlated rotations, such as tttfg+ tgL ttgfgtt, etc. Thus 

the barrier height to rotation about a given C-C bond infer­

red from the L-A model may be considered as a sort of 

average value taken over these various concerted rotations. 

In other words one simply cannot tell how much each type 

of motion will contribute to the modulation of orientation 

of C-H internuclear vector on the basis of the L-A model. 

It will be difficult to incorporate the idea of concerted (or
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Figure 13. Even-odd alternation of 7} for methylene carbon 

next to methyl group at various temperatures (All other carbons 

were found to behave similarly, though not shown here).

correlated) rotations into the original L-A theory without mo­

difying the model itself in such a way that it explicitly takes 

these types of motion into consideration from the outset. 

In order to gain further insights into these questions we 

will have to resort to a more detailed theoretical mode, 

which is under investigation in our research group. Never­

theless, the information obtained from the L-A model provi­

des us at least semi-quantitative knowledge of the motional 

type and the barrier height in the investigated compounds.

Activation energies calculated directly from * of carbons 

Esee Table 1 through 5] are smaller than E：s, which means 

overall rotation still plays important roles in dynamics of 

the molecules investigated in this work. We believe the rea­

son for this is two fold. First the chains of our molecules 

are open at both ends and are not long enough compared 

to ordinary polymeric chain. Secondly, the solvent used in 

our experiment, CDCI3, is not viscous enought to retard the 

overall rotation. Use (rf longer chain compounds and more 

viscous solvents will shed more light on this question.

One more noteworthy thing is that, when plotted against 

the chain length, Ti value for a given carbon shows zig-zag 

shaped variation (see Figure 13), depending on whether the 

number of carbons in the chain is even or odd. Such pheno­

menon has already been known for alkane chains in solid 

state,22 but we are somewhat amazed that it can still be obse­

rved even for dissolved state. This, we believe, has some­

thing to do with the type 2 motions in which even numbers 

of rotation are always involved. Further investigation is un­

der way in our laboratory.
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Appendix I
CpCfirst carbon) : * =20 K •為芸

Ci(second carbon) : =20K % Uao)2 :小
T1 a=-2 6D0 +度 Di

C2(third carbon) : ~ =20K Z (d沥尸以丿
I 1 a.b

6队+，理)1+胪D2

C3(fourth carbon)：品=20K £ (O(d*)2( 瓦))2

』1 a,b.c

曲0 +次玖+胪庆+理)3

C4(fifth carbon) : « =20K > (辺沪&质辺沪&尸

/ 1 a,b,c,d
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6D0+a2Dx + b2D2+理)3+如4

C5(sixth carbon)洁 =20K X (d泌)2(必)(妇2以女)2(如2

11 a,b,c,d.e

X__________________ 1__________________

6)。+次01 +胪玖+C幻3 + d少4+辺5

where K= (7VH/10)(2n/?)2=2.15X 109 NH

Appendix II

&)o=(l + 2a)%

420 =410 = A02 =，4oi

=A—2。=，4 _ 1。=，A()_ 2 =」4()_ ]

=(l/o) — 2o+1

■All =A _ 1 — 1 =“22 = A -2-

= A_i2=&_l=・A_21=・A]_2

=(l/o) 4- o — 2 + (9/2) exp(—t/tP

+ (3/2) (1 + 2<))exp(-t/r)

Ai-x=A_n=Ai2~A2i

=厶2-2=为 -22 =A-1-2=4-2-1

二(1/a) + cj - 2 + (9/2) exp( 一 r/r^)

-(3/2)(l + 2a) exp(-r/rP

where 1/&=1•/勺+ 1/&

Kwang Woo Jung et al.

Appendix III

Go(q) = exp (-6W)

Gg) = [q/(1 + 2o)2] exp( - 6DQ £

• q 그一2

G2Qtg) = Eo/( 1 + 2g)2]2 exp(-6E&)

X，: Z dab dab，dm dvo Ag Aiw cos[(2】t/3)0-方)] 
a bbf

&3(디 = [。/(1 + 20)勺3 exp(-6Dor)

X，:〉：〉: d@b da/ d* ： db'd df ddo Aqq Abb，Ac』

*Author to whom correspondence should be addressed.

X cos[ (2n/3) (c—cf)]

G4(&) = Mt/(1 +。)邛 exp(-61為)

X Z Z Z Z： d<dbdbc dbW da] dc'd'
a bb1 cd ddr

X ddQ ddtQ Aaa A" Am cosL(2n/3) (d- d')]

GM디 = [b/(l + 2b)2]5 exp(-6DQ

X Z Z 2： dab d必 dbc db" dcd dddf
a bb> cc1 dd'

X dde ddw dg。d时 o A(j^，4 枫卩，4迎丄4血，

X cost (2n/3)(0 - o')]

Influence of Ammonia Solvation on the Structural 
Stability of Ethylene Cluster Ions
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The stable structures of pure ethylene and mixed ethylene-ammonia cluster ions are studied using an electron impact 

ionization time-of-flight mass spectrometer. Investigations on the relative cluster ion distributions of ©HMNHj， 

under various experimental conditions suggest that and (C2H4)3(NH3)2 ions have the enhanced structural

stabilities, which give insight into the feasible structure of solvated ions. For the stable configurations of these ionic 

species, we report an experimental evidence that both (CM。* (C2H4)扌 clusters as the central cations provide three 

and two hydrogen-bonding sites, respectively, for the surrounding NH3 molecules. This interpretation is based on 

the structural stability for ethylene clusters and the intracluster ion-molecular rearrangement of the complex ion 

under the presence of ammonia solvent molecules.

Introduction

The most remarkable progress in the cluster ion chemistry 

is the recent finding of the intracluster ion-molecule reac­

tions.1-4 As a large number of neutral molecules attach to 

the central ion, the gas phase becomes to resemble that per­

taining in solution in the vicinity of ions. The careful study 

of this system, thus, makes it possible to bridge the gap 

between gas-phase and solution chemistry. This in turn per­

mits a more precise understanding of the nature of solution 

of ions by solvent molecules.5

Numerous experimental attentions6,7 have been also paid


