J. Phys. Chem. R000,104, 33673380 3367
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The stable backbone conformersm&isMe;4 have been identified through geometry optimizations with the
HF/3-21G(d), MM2, and MM3 methods. With the exception of the MM2 method, their relative potential
energies, and also single-point energies calculated by the HF/6-31G(d) and MP2/6-31G(d) methods at HF/
3-21G(d) optimized geometrie€dy), agree with energieE%cr, obtained using additive increment sets
previously derived from results for-Si;Me;o and n-SisMe;,, with mean deviations of 0.110.15 kcal/mol.

The energyE;,, is a simple function of the number of gauche, ortho, and transoid Si backbone bond
conformations and of SiSi adjacent bond interactions. With the MM2 method the deviations from additivity
are largeriE> . and E..c agree only with a mean deviation of 0.52 kcal/mol. Improved increment sets were
obtained by a simultaneous least-squares treatment of dateSigMe; o, N-SisMe;, andn-SisMey 4, including

a few increments for interaction between next-nearest bond conformations. This yields eBfrgibsit
reproduceE.,c with mean deviations of 0.05, 0.03, 0.05, and 0.03 kcal/mol at the HF/3-21G(d), HF/6-31G-
(d), MP2/6-31G(d), and MM3 levels of theory. With the MM2 method a similar agreement betgeand

E/. was obtained only after inclusion of 12 increments for interaction between next-nearest bond
conformations. The energi€&s, . of selected low-energy conformersmiSi;Me;s andn-SigMe; s obtained by
geometry optimization at HF/3-21G(d) and MM3 levels are reproducedgfhy with mean (maximum)
deviations of 0.04 (0.11) and 0.07 (0.26) kcal/mol. We conclude that the HF/3-21G(d), HF/6-31G(d), MP2/
6-31G(d), and MM3 potential energies of all stable conformations of permethylated oligosilane conformers
of any length except those with folded chains can now be estimated accurately from a small increment set,
and the MP2-based results represent the best current estimates for conformer energies in the gas phase. It is
likely that future more accurate computed or measured energies of the three conforme3ghdé,, the

eight or nine conformers af-SisMe;,, and approximately 10 specifically chosen conformers-&isMe; 4

will automatically provide improved increment sets and thus more accurate prediction of stable conformation
energies for permethylated oligosilane chains of all lengths. Relative energies of conformers in solution are
not predicted well by the MP2 calculations and will probably require an explicit consideration of solvent
effects. In the meantime, they are best approximated by the HF calculations.

Introduction properties. These will clearly depend on the nature of the lateral
The past decades have witnessed rising interest in oligosilanessubstituents. We started our combined experlmergal and com-
and polysilanesrtSisRan+2), polymers which have a-conju- putational effort with permethylated oligosilanes; 17 which

gated Si backbone and in some respects resemble polyenesepresent the simplgst case. In the present paper we examine
Sigma conjugation reflects an interplay between vicinal, gemi- the conformers of-SigMe:s. We have now adopted the recently
nal, and perivalent interactiod,and depends strongly on the Propose& nomenclature according to which the term anti is
conformation of the Si backbone. Therefore, the electronic reserved forw values within a few degrees of 18Qwhereas
structure and excited state properties of oligosil4rfesnd conformations withw =~ +165" are referred to as transoid.
polysilane8 are expected to depend not only on chain length ~ Three enantiomeric pairs of conformers have been computed
but on conformation as well, and this dependence is believed for n-SisMejq, corresponding to the gauche minimum.)(at

to be responsible for polysilane piezochromithsolvato- o = +55°, the ortho minimum (@) at w = 4+90°, and the
chromismt! ionochromism'? and thermochromisri® A direct transoid minimum (t) atw = +165°.518 The distortion of the
demonstration of the conformational dependence of photoelec-transoid minimum from the ideal value,= 18C°, tow = 165°

tron and UV absorption spectra of peralkylated tetrasilanes wasis due to steric repulsion between the methyl groups on silicon
provided by the comparison of a series of tetrasilanes with atoms 1 and 3, whereas the ortho minimum results from a

constrained SiSiSiSi backbone dihedral anglé’” While the splitting of an anticipated gauche minimum by repulsion
energy of the transitions to the first three excited states is almostbetween methyl groups on Si atoms 1 and 4. It has been
independent ofy, their relative intensity varies dramaticaft,”8 predicted®°that the ortho conformer will exist in anyXon+2

in excellent agreement with the trends expected theoretibafly.  chain with substituents X of a reduced crystallographic van der

A detailed understanding of the optical properties of polysi- Waals radius size (i.e., size in units of backbone bond length)
lanes therefore requires a knowledge of the structures of theirin the range 0.81.0, and separate spectra of three conformers
various conformers, their relative free energies, and their spectralhave actually been observed fi;C,4F102° and n-SiyCly %L
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— 3 dihedral angles, ay, as, ..., a3 relative to the energy

of the all-transoid conformer with a constant helical sense,
E(ou,02,03,... 0n—3) — E(t4,t+t+...,t), is expressed as a sum of
bond conformation incremenEa) plus a sum of adjacent bond
pair conformation increments(a.,3). Sincea and can each
acquire six values (t oy, g+) there are three distinct increments
E(a) and 12 distinct increment&(a,3) (mirror images have
equal energies and the order in which the bonds are taken is
immaterial). The values of the 12 increments are uniquely
determined if the energies of the three enantiomeric conformer
pairs inn-SizMe;o and the nine enantiomeric conformer pairs
in n-SisMej, are known E(t+) = E(t+,t+) = 0 by definition]. If
some dihedral angle combinations do not correspond to potential
energy minima, there will be fewer available energy values,
but also fewer increments to determine. Increment values could
in principle be determined from measurements or calculations.

Eiel(03.0.-- 0 3) = E(ty b ty) =
n—4

n—3
ZE(ai) + Y E(oy,05.4) (1)

Figure 1. Diagrammatic representation of adjacent bond interactions  gjnce there is not much hope that experimental values will
:_n N-SiMezn> chains. Solid lines: favorable interactions, dashed o 4y ailable any time soon, we deduced approximate values
ines: unfavorable interactions. . o . - S
from calculationg® In principle, this permits the determination
Temperature dependence of solution spectra showed that theof increments even at combinations that do not correspond to
t. conformer ofn-SiyMeyq is lowest in energy by 0:51.0 kcal/ potential energy minima, i.e., to stable conformers. Five different
mol,22 and this agrees with HF/6-31G(d) and MM2 calculations. increment sets were obtained at the HF/3-21G(d), HF/6-31G-
Its 0. conformer has not been observed. At the MP2/6-31G(d) (d)//HF/3-21G(d), MP2/6-31G(d)//HF/3-21G(d), MM2, and
and MM3 levels the energy difference between thend g. MM3 levels of calculation.
conformations is very small (0.63.15 kcal/mol), in better There is no guarantee that increments deduced from the
agreement with experimental estimates from the gas phasecomputed energies of conformers of8e;o and SéiMe;, using
which are close to zerdThe relative energies obtained by the eq 1 will reproduce well the computed energies of the conform-
MM2 method resemble the HF values, whereas MM3 energy ers of SgMei14 and longer chains, and this needs to be tested

differences are similar to the MP2 values. next. Such test calculations have already been performed for
For longer oligosilanes and polysilanes the number of possible the MM3 increment set for a few selected conformers and the
combinations of Si backbone dihedral anglesd., and o results were encouragif§.

increases rapidly. Solution spectroscopic studies at low tem- Presently, we report (i) geometry optimization of all the stable
perature, including comparison with model compounds with backbone conformers ofSisMe14 at the MM2, MM3, and HF/
fixed dihedral angles, have sho¥i® that the most stable  3-21G(d) levels (in principle there might be additional conform-
conformers oin-SisMes, andn-SigMe14 are of the all-transoid  ers differing by methyl rotations, but we have not found any),
type, but the relative energies of the other conformers are not (ii) use of their energies to test all five increment sets derived
known. It is not likely that they could be estimated accurately earlier from calculations om-Si;Me;o and n-SisMe,, (iii) a
from a simple count of the numbers of transoid, ortho and refinement of the increment sets by a least-squares optimization
gauche bonds in the backbone, because it is known from bothon the overdetermined set of results feBisMe;q, N-SisMes»
calculations and qualitative considerations that certain combina-andn-SigMe1 4, (iv) a test of the MM2, MM3 and HF/3-21G(d)
tions of adjacent dihedral angles are more compatible thanrefined increment sets on selected low-energy conformers of
others!®19 The dihedral angles;tand g in the backbone  the nextlonger permethylated chains$izMe;s andn-SigMes,
combine preferably with an adjacent 6r g+ dihedral angle, (v) an optimized increment set [MM2, MM3, HF/3-21G(d), HF/
while combinations witht or g- lead to less stable conformers  6-31G(d) and MP2/6-31G(d)] based on results rieBisMe;,
or to structures that do not correspond to potential energy n-SisMe;, and n-SigMei4 that includes a few increments
minima at all. In contrast, the;cbond conformation combines  E(a.,3,y) for next-nearest bond interactions, and (vi) a test of
favorably with another o conformation or with a_t or g- this increment set on a series of selected conformers of
conformation. The 15 possible combinations of two adjacent n-Si;Me;s and n-SigMess.
dihedral angles are summarized in Figure 1. Favorable combina- We propose that energy increments for even more distant
tions are shown in solid and unfavorable ones in dashed lines.interactions, such a(a,,y,0), are negligible except as needed
The existence of these relations suggested the feasibility of for chain folding and self-avoidance. If this is correct, it is
an additive procedut&for predicting the relative stabilities of  now possible to predict the MM2, MM3, HF/3-21G(d), HF/
all conformers of permethylated oligosilanes of all lengths from 6-31G(d), and MP2/6-31G(d) energies of all low-energy con-
a more complicated set of empirical increments, still in the formers of all permethylated oligosilanes of any length with
spirit of the rotational isomeric state (RIS) mo#fadf polymer trivial ease until a length is reached at which hairpin-like folding
chain structure. In this procedure, a sum of bond conforma- sets in and permits van der Waals interactions that are
tion incrementsE(a) is refined by adding a sum of adjacent topologically of long range. This probably never happens in
bond interaction increment(o.,5) as shown in eq 1. The en-  solution in good solvents that provide adequate intermolecular
ergy of an arbitrary conformer-Si,Mezn+», characterized bp van der Waals stabilization, but may well happen in poor



Conformers ofn-SigMe1s

TABLE 1: Classification of n-SigMe4 Conformers
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dihedral angles

bond interactions

two favorablé}

one favorableB)

none favorable@)

only transoid {)
two transoid and
one twisted 2)
one transoid and
two twisted @)
one transoid, one gauche,
and one ortho4)
two gauche and
one ortho §)
two ortho and
one gauchef)
only gaucheT)
only ortho @)

totot (1A)
GG, Loty
tityo-, tho-t: (2A)

t+9+0+, 0+14+0+,
tro-o-, o4t-04+ (3A)
t+g+0-, t,0-g+,
0+t-g- (4A)
0:9-0-, 9+0-0: (5A)

010+0-, 0+g-04 (6A)

9+9+9+ (7A)
0+0+04+ (8A)

tt4t- (1B)
t+t—g—, t+t+g—, t+g+t—,
titioy, tit_og, thosto (ZB)
t9-g-, t-g+9-, 9+t+g-,
t+0+0+, t+070+, ottro- (3B)
t+9+04, t,9-0+, t40-g-,
t+o+g,, O+t+g+, O+t7g+ (4B)
0+9-0+, 0+9+0+,
9+0+9- (5B)
0+0-0+, 0+0+0+,
0+0+0- (6B)
9:9+9- (7B)
0.0,0- (8B)

titt, (1C)
tt-g+, trg-ty,
tito-, trosts (ZC)
t+9-0+, g+1-0+,
1040, O+t4 0+ (3C)
t+g-0-, 11040+,
O+t+g7 (4C)
0+9+g-, 9+0+9+ (5C)

0+0-g-, 0+g+0+ (6C)

g+9-9+ (7C)
0+0-0+ (8C)

solvents and in the solid, and is guaranteed to happen in the(ty), 87.5 (0+), and 57.2 (g+), in only fair agreement with the
gas phase, but it is not known at which chain length. MP2/6-31G(d) values of 161°791.#, and 52.8, respectively.
The B3LYP energies of the;oand g. conformers were 0.50
and 0.45 kcal/mol above the tonformer, respectively, while
the MP2 values lie 0.65 and 0.09 kcal/mol above, respectively.
With the smaller basis set 3-21G(d), B3LYP gives= 17C¢°

for the transoid conformer, which is wrong, and the relative
energies are 0.79 kcal/mol for.cand 0.43 kcal/mol for g.
These results are not encouraging, and it seems that as a
minimum, in DFT calculations larger basis sets are required
for proper description of conformer stabilities in oligosilanes
than at HF and MP2 levels. We have therefore refrained from
further use of DFT in the present investigation.

Computational Methods

Ab initio computations were performed at the Hartré®ck
(HF) and second-order MglleiPlesset perturbation theory
(MP2) levels with the 3-21G(@j or the 6-31G(® basis set
on an IBM RS6000-590 or an HP Exemplar computer with the
Gaussian®2and Gaussiang8 program packages. The M¥P2
and MMZ® molecular mechanics calculations used the MM2-
(92¢° and MM3(96%° programs by Allinger and co-workers
and an IBM RS6000 workstatio®.

Ab initio geometry optimizations were started at the HF/
3-21G(d) level and at the gauche, ortho, and transoid dihedral : :
angles that had been optimiZedt this level forn-SiyMeq Resuilts and Discussion
(53.7, 92.0, and 163.8, respectively). When a particular For each enantiomeric pair of conformers we only discuss
combination of the three backbone dihedral angles 8isMe14 the conformer with the first dihedral angle positive, and we rank
did not correspond to a minimum on the potential energy the angles in the order.t o, g+. E.g., only the tg;o+
surface, we made partial optimizations with these dihedral anglesconformer is mentioned in the text and the equivalent forms
fixed to the corresponding optimal valuesnrSi;Me;o found t-g-o-, 0+g+t+, and o.g-t— are ignored.
at the respective level of theory (HF/3-21G(d), MM2, and In Table 1, we group the 63 possible combinations of the t
MM3), and all other geometry parameters optimized. Possible o., and g dihedral angles im-SigMe,4 into eight classes. Table
presence of symmetry elements was verified by frequency 2 contains their relative energies optimized at all these angle
calculations at the respective level of theory (HF/3-21G(d) and combinations, of which many correspond to stable conformers.
MM3). Vibrational spectra were calculated for low-energy Table 3 (Supporting Information) lists the stability orders as
conformers to aid with their future experimental identification obtained from computations and from increment addition,
(the scaling factor 0.9085 was used, as reported optimal for HF/ limited to conformers with energies less than 3 kcal/mol above
3-21G®). Single-point HF/6-31G(d) and MP2/6-31G(d) (frozen the most stable one. Optimized backbone dihedral angles in the
core) energy calculations were performed at the HF/3-21G(d) stable conformers are listed in Table 4. Table 5 gives the
optimized geometries. increment sets. Conformer energiee®iyMe;p andn-SisMe;»

Optimized increment sets were found by least-squares fit- derived from increment sets are collected in Table 6. Selected
ting® to the energies of all stable conformers reBisMeyy, conformer energies far-SizMe;s andn-SigMe; g are contained
n-SisMe;,, andn-SigMe;4 (14 unknowns and 46 equations for in Table 7 (Supporting Information). Finally, IR and Raman
the ab initio methods, and 38 and 48 equations for the MM2 frequencies and intensities calculated at the HF/3-21G(d) level
and MM3 methods, respectively). Further improvement of the for the 10n-SigMe14 conformers of lowest energy are listed in
increment sets was obtained by adding incremE(iss,y) for Table 8 (Supporting Information).
conformers for whose energies the initial unimproved increments  Figure 2 compares the conformer energies and Figure 3 the
gave values that differed by 0.20 kcal/mol or more from the dihedral angles computed by the ab initio and the molecular
computed ones. mechanics methods. In Figure 4, the molecular structures and

Density Functional Calculations.Density functional theory ~ essential geometry parameters for a f@8isMe;4 conformers
(DFT)34 computations with an empirically adjusted exchange are given. Figures-59 show the plots of conformer energies
and correlation potential frequently yield results numerically of n-SisMei4 derived from incrementsK) against those
equivalent to those of more expensive electron-correlated abcomputed Eca). Figure 10 shows the corresponding information
initio methods, but they have a reputation for not doing very for selectedn-Si;Me;s and n-SigMe;g conformers. Schematic
well for van der Waals interactior$8. We have performed  plots of the IR and Raman spectra @SigMey4 conformers
B3LYP/6-31G(d) calculations on the three conformersnef whose energies are less than 2 kcal/mol above the most stable
SisMeso, where fully optimized MP2/6-31G(d) geometries and conformer based on HF/3-21G(d) calculations are shown in
energies are available, and found the dihedral angles to be°163.1 Figures 11 and 12 (Supporting Information).



TABLE 2: Conformer Energies of n-SisMey4 Relative to the t .t t; Conformer2

HF/3-21G(d) HF/6-31G(d)//HF/3-21G(d) MP2(fc)/6-31G(d)// HF/3-21G(d) MM2* MM3
conformer Vi Ecuc E?ncr Ei'ncr ix’1cr Ecarc Eﬁlcr El’ncr E:rlmr Ecac Eioncr Ei'ncr Ei'x:cr Ecac E?ncr El,ncr E:x’:cr Eeae E?ncr Exlncr Ei,l’wr

t.tits (1A) 193 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
t-g.t- (2A) 207 078 072 088 087 0.84 0.75 0.92 0.87 0.29 0.23 0.37 0.33 0.44 0.38 0.48 0.46 —0.07 -—0.11 —006 —0.04
t-o-t. (2A) 196 102 105 101 107 0.78 0.83 0.77 0.82 0.69 0.75 0.62 0.68 0.91 0.89 0.81 0.88 0.38 0.43 0.30 0.39
t-tigs (2A) 222 074 071 076 0.78 0.76 0.72 0.72 0.76 0.21 0.19 0.24 0.25 0.55 0.63 0.67 0.65 —0.06 —0.04 ~—-004 -—0.03
t-tio- (2A) 201 100 097 100 0.99 0.74 0.72 0.73 0.72 0.67 0.66 0.63 0.62 0.88 0.85 0.91 0.83 0.37 0.39 0.42 0.36
t-g+g+ (3A) 209 200 191 201 198 1.70 1.62 1.75 1.70 0.78 0.77 0.83 0.81 1.51 1.47 1.62 1.53 0.14 0.12 0.16 0.11
g+tige (3A) 219 151 142 153 155 1.49 1.44 144 1.52 0.45 0.38 0.48 0.50 1.17 1.26 1.34 1.30 -0.10 -0.08 —0.08 —0.06
t-o-0- (3A) 215 206 208 208 212 1.55 1.55 1.53 1.57 1.36 1.38 1.32 138 2.19 2.14 2.13 2.14 0.92 0.97 0.87 0.92
o+t-04 (3A) 170 193 194 199 197 1.47 1.44 147 1.44 1.15 1.32 126 1.24 1.60 1.70 1.83 1.66 0.72 0.78 0.85 0.72
t+g-0- (4A) 176 275 251 277 275 2.28 2.02 2.42 2.28 1.79 147 1.72 1.79 3.05 2.73 3.13 3.05 1.17 1.13 1.44 1.18
o+t-g- (4A) 203 1.77 168 176 176 1.51 1.44 1.45 1.48 0.94 0.85 0.87 0.87 1.68 1.48 1.58 1.68 0.37 0.35 0.38 0.33
t.0-g+ (4A) 16.2 264 258 266 2.57 2.19 2.10 2.25 2,11 1.50 1.52 1.58 1.39 3.18 3.02 3.23 3.14 1.13 1.24 1.34 1.22
o+g-g-(SA) 142 407 370 389 4.07 3.17 2.89 3.24 3.17 2.42 2.01 2.18 2.42 5.12 3.82 4.28 5.12 2.03 1.36 1.66 2.03
g+0-g+ (5A) 8.03 4.11 431 407 1745 3.37 3.73 340 5.77 2.29 2.54 2.10 (4.92) (5.15) (5.64) (5.40) 2.09 2.05 2.37 2.06
o4+0-g-(6A) 156 350 361 373 362 2.82 2.82 3.02 2.86 1.96 2.15 2.29 2.09 4.45 4.27 4.54 4.40 1.83 1.78 1.90 1.76
0+8-0-(6A) 17.6 484 430 4.66 484 4.12 3.29 391 4.12 347 2.71 3.07 3.47 7.78 5.08 5.79 7.78 372 2.37 2.94 372
g.g.g-(TA) 242 313 310 313 308 2.70 2.49 2.57 2.70 1.35 131 1.29 1.28 2.31 2.56 2.76 2.31 0.27 0.35 0.37 0.26
o.0+0-(8A) 217 322 311 315 318 2.35 2.27 2.30 2.31 2.16 2.01 2.03 2.07 3.49 3.39 3.44 3.40 1.44 1.51 143 1.46
t-t:t— (1B) 085 073 070 071 09%4 0.70 0.69 0.69 0.82 0.85 0.85 0.85 1.02 1.08 0.55 0.85 0.39 0.66 0.46 0.56
t-t_g_- (2B) 1.63 144 146 148 1.60 1.42 1.41 145 1.20 1.04 1.09 1.10 1.86 1.71 1.22 1.50 0.45 0.62 0.42 0.54
t.g+t- 2B) 269 151 160 162 245 1.29 1.55 1.39 2.28 1.14 1.12 1.14 4.20 3.56 2.04 3.38 1.95 0.90 0.92 0.95
t-t g (2B) 88 152 150 148 153 131 1.26 1.35 1.28 1.12 1.10 0.99 1.06 3.78 3.81 2.23 3.57 0.97 0.97 0.94 0.96
t-tro- (2B) 94 158 170 167 168 1.21 1.30 1.27 1.26 1.26 1.35 1.32 1.33 (1.55) (2.12) (1.65) (1.76) 0.93 0.63 0.79 0.93
t-t-o- (2B) 164 170 170 169 140 1.42 143 141 1.48 1.51 1.48 148 1.44 1.93 146 1.44 0.72 1.05 0.88 0.72
t-o+t— (2B) 195 178 168 176 1.54 1.41 1.30 1.35 1.58 1.44 1.31 1.39 1.71 2.16 1.55 1.82 0.77 0.67 0.66 0.70
t-g+g- (3B) 5.58 5.23 422 9.77 5.17

t-g-g- (3B) 144 262 270 272 273 2.21 2.16 2.37 2,22 1.50 1.68 1.58 1.62 3.16 4.65 3.18 3.16 1.06 1.13 1.13 1.10
g-t:g- (3B) 127 229 221 224 230 2.02 1.98 2.07 2.04 1.36 1.29 123 131 (4.08) (4.44) (2.90) (4.22) 1.07 0.93 0.90 0.93
t-0-o- (3B) 405 398 390 394 325 3.25 3.23 3.26 3.01 2.45 2.61 242 5.65 5.70 2.75 3.69 3.56 3.67
t-0:0- (3B) 3.01 281 275 28l 231 2.13 2.07 2.10 2.34 2.07 2.02 2.09 2.73 3.41 2.86 2.73 1.22 1.21 1.23 1.23
o-t-o- (3B) 82 261 267 267 266 1.88 2.02 2.00 1.98 1.90 2.01 1.95 1.95 (2.36) (2.97) (2.57) (2.59) 1.26 1.02 1.21 1.26
t.g.o- (4B) 11.5 270 251 263 262 205 1.87 2.05 1.98 1.80 1.63 1.70 1.71 (2.82) (3.81) (2.55) (3.71) 1.27 1.14 1.12 1.20
t-g-o- (4B) 148 339 330 349 334 3.39 2.56 3.04 3.39 2.23 2.38 2.48 2.23 6.82 5.91 4.70 5.82 3.62 2.14 242 2.17
t-o-g- (4B) 13.8 263 258 252 260 1.96 1.95 1.89 1.98 1.72 1.68 1.55 1.69 (2.49) (4.10) (2.64) (3.95) 1.25 125 1.01 1.24
t.o:g_ (4B) 354 331 333 326 297 2.68 2.79 2.64 2.24 2.21 2.27 2.10 3.62 4.29 3.96 3.62 1.50 1.48 1.70 1.53
o-tig-. (4B) 84 251 241 243 245 2.11 2.02 1.99 2.02 1.68 1.54 1.56 1.58 2.73 2.75 2.32 2.41 0.95 0.59 0.74 0.64
o-t_g. (4B) 77 250 247 248 251 203 1.98 2.08 2.00 1.65 1.76 1.62 1.68 457 4.66 3.15 4.40 1.22 1.36 1.36 1.32
0-g-g- (5B) 8.62 791 6.24 15.74 5.98

o.g.g.(5B) 126 359 370 375 372 283 2.74 2.88 2.82 1.97 2.17 2.16 1.97 3.78 4.90 3.70 3.78 1.32 1.37 1.33 1.35
g-0.g- (5B) 74 400 411 417 410 3.24 3.22 3.37 3.27 2.33 2.45 2.51 2.40 5.18 6.23 5.06 5.18 2.07 2.06 2.05 2.08
0-0:g-(6B) 149 368 361 359 365 273 2.67 2.65 2.73 2.40 2.31 2.26 2.39 (3.51) (5.35) (3.96) (5.22) 1.72 1.79 1.58 1.78
0-0-g- (6B) 688 551 555 544 6.02 4.52 471 455 4.49 3.22 3.57 3.13 8.81 7.83 4.20 4.50 4.60 4.50
0-g-o- (6B) 401 430 451 433 319 3.14 3.55 3.23 2.48 2.87 3.05 2.80 4.94 6.16 5.21 4.94 2.18 2.38 2.62 2.18
¢ g.g_ (TB) 8.03 7.21 572 10.74 5.58

0-0-0- (8B) 508 501 497 499 405 3.97 3.99 401 3.77 3.08 332 3.11 6.96 6.95 3.38 4.23 4.13 4.20
t-t-t+ (1C) 203 146 140 141 1.96 1.40 1.38 1.38 220 1.70 1.70 1.71 248 2.16 1.10 1.70 1.80 1.32 0.91 1.13
t-t_g- (20C) 331 223 218 223 296 1.96 2.04 1.97 279 1.95 1.84 1.91 5.17 4.89 2.78 442 2.17 1.63 1.39 1.53
t-g-t. (2C) 427 230 232 237 363 1.83 2.17 1.91 3.54 2.05 1.88 1.95 5.13 6.74 3.60 6.30 3.06 191 1.89 1.93
t-t-0- (2C) 304 243 237 238 251 2.00 1.96 1.95 2.73 2.20 2.17 2.18 2.96 3.20 2.20 2.61 1.97 1.29 1.24 1.23
t-0+t- (2C) 265 251 236 245 218 1.99 1.84 1.89 2.38 2.13 2.00 2.10 2.87 343 2.29 2.76 1.76 0.91 1.02 1.00
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TABLE 4: Optimized Si Backbone Dihedral Angles in n-SigMe;4 Conformers (deg)

Ottosson and Michl

conformer

HF/3-21G(d)

MM2

MM32

t.tits (1A)

t+t+g+ (2A)
t+g+t+ (2A)
tit10- (2A)
tro_ty (2A)
t:g+0+ (3A)
g:+t+9+ (3A)

163.3, 163.5, 163.3
163.4,162.3, 54.7
162.2,56.3, 162.2
162.9, 166.8;-91.5
166.0,—90.2, 166.0
158.2,57.9,57.6
54.7,161.4,54.7

167.3, 166.3, 167.3
168.3, 161.6, 54.2
162.5,55.2,163.9
167.3, 169.3785.9
170.7+85.8, 170.7
161.1,54.3,54.9
55.2,158.3,55.2

167.6, 166.6, 167.6
167.9, 163.9, 53.0
165.0, 53.9, 165.0
167.8, 168.4;-82.8
169.6-84.1, 169.6
162.6,54.9,55.0
53.6,162.1, 53.6

t+0_0- (3A) 166.7,—88.4,—90.2 169.0,-82.9,—-83.2 168.6,-81.5,—80.4
0:t-0+ (3A) 91.0,—-168.8,91.0 85.5-172.7, 85.5 83.2,-169.8, 83.2
tigo- (4A) 165.7, 68.2-104.4 166.3, 63.6,-93.6 167.9,60.8-91.4
t 0_g+ (4A) 167.6,—103.0, 64.2 174.8;-100.5, 64.9 173.9796.0,61.1
0:t-g- (4A) 91.3,-165.5,—54.9 85.0-165.1,-54.0 82.8-165.6,-53.0
0:g-g- (5A) 111.1,-71.0,-69.2 104.2;-66.2,—65.6 94.6,-64.7,-57.8
g+0-g+ (5A) (72.8,—-119.4, 72.9) 69.2-113.0, 69.2
0:+0.0- (6A) 90.5, 100.1,-64.0 84.9, 96.6,-61.6 83.7,94.5-59.1
0:g-04 (6A) 109.8,—62.8, 84.2 121.5767.3,121.5 106.8;65.8, 82.7
0+0+0+ (7A) 54.4,59.0, 54.4 53.1,53.7,53.1 52.6,55.7,52.6
0,0;04 (8A) 89.7, 86.8,89.7 79.3,76.1,79.3 80.6, 78.2, 80.6
titig- (2B) 162.9, 169.8,-67.9 166.1, 172.263.4
tit-g- (2B) 174.6,—169.5,-52.7
titi0r (2B) 161.6,173.5,92.4 (168.2,179.1, 86.3) 165.5, 169.4, 77.4
tit-os (2B) 175.3,-172.1,85.5 170.0;-169.0, 81.7
t+0+t- (2B) 173.2,80.3,-168.9
tig-g- (3B) 166.8,—69.1,—44.5 165.9,-66.5,—47.3 171.3-65.0,—45.9
o:+t,0- (3B) (85.9,179.8,-86.1) 78.6,172.3-85.5
t+0.+0+ (3B) 173.4,79.7,81.9 172.7,76.1,79.7
g+t+g- (3B) (55.9,179.8;-51.4) 51.9, 170.4;-62.2
t+g+0 (4B) 148.6, 67.3, 90.0 (163.9,73.4,81.2) (162.6, 70.0, 79.6)
tg-o. (4B) 175.0,—59.9, 92.2

ty0_g- (4B) 167.8,—90.9,—-68.5 (170.1,-79.1,—73.1) 168.3,-75.3,—59.8
tr0:g- (4B) 165.1, 89.6-59.4 166.7, 86.0,-57.4
0:t:gy (4B) 90.9,170.1,52.8 81.2,164.4,53.2

o:+t-g+ (4B) 91.4,-171.7,68.9 84.7+-174.4,61.9
0:+9:9+ (5B) 91.7,64.4,43.0 84.4,63.4,47.4 82.1,64.3,48.1
9+0+9- (5B) 64.2,108.5-68.9 55.9, 84.8,-57.6 60.2,-90.4,—65.8
0:0:9+ (6B) 88.4,91.6,69.7 80.7,74.5,62.6
0,0-0+ (8C) 104.6,—81.0, 104.6

aValues in parentheses correspond to conformers for which one or several of the Si backbone dihedral angles are intermediate between the ideal

values of two of the backbone conformers ¢, and q..

less reliable molecular mechanics methods becomes tediousbond interactions, those in category B have one favorable
Below, we show that the simpler alternative system for interaction, and those in category C have none.
estimating conformer energies of longeiSi\Mezn+2 chains, As seen in Figure 2, MM2 conformer energies agree slightly
based on additive increments, will be adequate for those better with the corresponding HF/6-31G(d) energies than with
conformers that are of low energy. the MP2/6-31G(d) energies. The opposite holds for the MM3
All of the conformational minima are very shallow. The energies where the correlation with MP2 is much better than
softest mode always corresponds to hindered rotation about onewith HF energies. However, the MP2 energy differences are in
or more of the dihedral angles. We note that in the well- general somewhat higher than the MM3 energy differences. The

documented cases of the conformersne$i;Me;® and n- dihedral angles calculated by the two MM methods agree about
SiyCly¢?t, which are clearly distinct and separately spectroscopi- equally well with the HF/3-21G(d) angles, with the ortho angle
cally observable, the softest mode frequencies-&@@ and~10 about 10 too small (Figure 3). The small differences in dihedral

cm™1, respectively. Arbitrarily, we assume that 15 ¢his the angles between the MM methods and HF/3-21G(d) seen for
lowest HF frequency that a dependably computed and truly anti and gauche bond conformations may be related to the fact
stable conformer can have, and consider those with a normalthat MM values are fitted to observables averaged over
mode of a lower frequency to be of questionable significance, vibrational motion, whereas the ab initio computations give the
as they may disappear at a higher level of theory. In practical equilibrium value.
terms, there is another reason for a conformer to be of minor  As expected? conformers in category A are more likely to
importance, and that is its energy. Again arbitrarily, we correspond to actual potential surface minima than those in
concentrate on conformers that lie less than 2 kcal/mol abovecategory B, even though exceptions exist (Table 2). The
the ttyty, t-t-t- pair. When compared to thettt, t-t-t- conformers in category C are always less likely to be stable
conformer pair, the population of a conformer that has a relative than those in categories A and B. At HF/3-21G(d) level of
energy 2.0 kcal/mol is~1% at room temperature. calculation, only one stable pair of enantiomeric conformers of
We start a systematic examinationreSisMe14 conformers category C was found, compared with 17 out of 18 in category
by sorting them into 24 groups (Table 1) according to the types A, and 13 out of 27 in category B. The number of stable
of bond conformations {{ g+, 01) present in the Si backbone conformer pairs in category B is somewhat larger at the MM3
and the nature of the interactidfisoetween adjacent bonds level, and there is also some difference between the predictions
(Figure 1). Conformations in category A have two favorable produced by the various methods as to which structures are
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TABLE 5: Additive Increment Sets {E%a), E%a.f)}, {E'(), E'(a,8)}), and {E"(av), E"(a.,8), E"(o.,,7)} (kcal/mol)

HF/6-31G(d)//

MP2(fc)/6-31G(d)/

increment HF/3-21G(d) HF/3-21G(d) HF/3-21G(d) MM2 MM3

ﬂ EC E' E"” E° E E" EC E' E" EC E' E" E° E E"

tr 0.00 0.000 0.000 0.00 0.000 0.000 0.00 0.000 0.000 0.00 0.000 0.000 0.00 0.000 0.000
O+ 0.70 0.645 0.678 0.69 0.520 0.658 0.15 0.109 0.168 0.88 0.863 0.842 6:03020 -0.012

[oF8 0.89 0.987 0.905 0.61 0.699 0.623 0.57 0.644 0.560 0.81 1.015 0.775 0.35 0.550 0.328
s 0.00 0.000 0.000 0.00 0.000 0.000 0.00 0.000 0.000 0.00 0.000 0.000 0.00 0.000 0.000
t 0+ 0.01 0.118 0.097 0.03 0.200 0.104 0.04 0.130 0.0810.25 -0.193 -0.193 —-0.07 —0.021 -0.016

tro- 0.08 0.010 0.081 0.11 0.035 0.097 0.09-0.013 0.062 0.04 —0.101 0.053 0.04 —0.126 0.030

0+0- 0.91 1.018 0.905 0.69 0.997 0.730 0.71 0.839 0.604 1.29 1.450 1.472 0.82 0.932 0.876
0404+ 0.22 0.092 0.230 0.22 0.100 0.222 0.15 0.050 0.197 0.48 0.196 0.540 6:23108 0.239

9+0+ 0.50 0.597 0.525 0.21 0.507 0.280 0.43 0.481 0.3880.04 0.087 0.036 0.13 0.217 0.150

tt- 0.73 0.699 0.705 0.70 0.692 0.691 0.85 0.849 0.853 1.08 0.548 0.848 0.66 0.457 0.564
t+g- 0.80 0.835 0.847 0.57 0.827 0.625 0.95 0.884 0.893 2.93 1.369 2.727 0.94 0.956 0.973
tio+ 0.81 0.684 0.771 0.69 0.570 0.632 0.78 0.679 0.769 1.31 0.636 0.990 0.28 0.235 0.337
0+0+ 091 0.877 0.935 0.54 0.633 0.599 0.87 0.814 0.904 2.37 0.868 2.283 0.83 0.607 0.896
04+0- 212 1916 2.049 192 1.798 1916 1.22 1.339 1.237 4.04 2.95 2.588 2.981
t+g+0- 0.165 0.165 0.377 0.154

oit-g- 0.203

0:+0-0- 0.379 0.221 0.532 1.153 0.700
0+0-0+ 0.542 0.756 0.974 2.444 1.324
tit-os —0.236 —0.202

titior 0.265

t+g-g- —1.287

14040+ —0.350

o;tio- 0.237

trg-04 0.754

t,049- —0.459

0+0+0+ —0.218 —0.998

9+0+0- —1.034

0+0+0- —1.204 —0.236
0,0-04 0.596

trat 0.615 0.602 0.740 0.800 0.430
0+a0- 0.801 0.634 0.775 0.860 0.594

aValues in parentheses correspond to conformers for which one or several of the Si backbone dihedral angles are intermediate between the ideal

values of two of the backbone conformers ¢, and a..

TABLE 6: Energies Ecac and Ejner for n-SisMe;o and n-SisMes, (kcal/mol)

HF/3-21G(d) HF/6-31G(d)//HF/3-21G(d) MP2(fc)/6-31G(d)//HF/3-21G(d) MM2 MM3
COnfﬂr Ecac Ejner  Ener Ecalc Einer Eifer Ecarc Einer Eifer Ecac Ejper Eiper  Ecarc Einr Eifer
n-Si;Meo t+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
O+ 0.89 0.99 0.90 0.61 0.70 0.62 0.57 0.64 0.56 0.81 1.01 0.78 0.35 0.55 0.33
o+ 0.70 0.64 0.68 0.69 0.52 0.66 0.15 0.11 0.17 0.88 0.86 0.84 0-@02 —0.01
AE? 0.08 0.02 0.13 0.02 0.06 0.01 0.11 0.04 0.12 0.03
n-SisMe;, tit,  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ttg+ 0.71 0.76 0.78 0.72 0.72 0.76 0.19 0.24 0.25 0.63 0.67 08504 —0.04 —0.03
tyo- 0.97 1.00 0.99 0.72 0.73 0.72 0.66 0.63 0.62 0.85 0.91 0.83 0.39 0.42 0.36
040+ 2.00 2.07 2.04 1.44 1.50 1.47 1.29 1.34 1.32 2.10 2.23 2.09 0.93 0.99 0.89
0:g- 250 2.65 2.49 1.99 2.22 2.01 1.43 1.59 1.33 2.98 3.33 3.09 1.20 1.46 1.19
g+g+ 1.90 1.89 1.88 1.59 1.55 1.60 0.73 0.70 0.72 1.72 1.81 1.72 0.19 0.18 0.13
ttt- 0.73 0.70 0.71 0.70 0.69 0.69 0.85 0.85 0.85 0.66 0.46 0.56
ttg- 150 1.48 1.52 1.26 1.35 1.28 1.10 0.99 1.06 0.97 0.94 0.96
ttoy 1.70 1.67 1.68 1.30 1.27 1.26 1.35 1.32 1.33 0.63 0.78 0.66
oo0- 3.90 3.89 3.86 3.14 3.20 3.16 2.36 2.63 2.36 3.65 3.69 3.64
0.9+ 250 2.51 252 1.84 1.85 1.88 1.59 1.57 1.63 1.21 1.14 1.21
AE? 0.04 0.03 0.05 0.02 0.07 0.03 0.13 0.03 0.09 0.03

aMean deviation betweeB , . and Ejne.

stable. With MM2 we found a smaller number of stable energy is gtig, in keeping with the enhanced (and, we believe,
conformers than with either HF/3-21G(d) and MM3, as was excessive) importance of van der Waals interaction built into

also the case fon-SisMep,. At the MM2 level a number of

this level of approximation.
structures optimized to geometries with dihedral angles inter- The Meso Conformer.Of the other all-transoid possibilities,
mediate between gauche and ortho, and in Tables 2 and 4 thesat the HF/3-21G(d) level the.t-t,, t_t,t_ pair optimizes to
entries are given in parentheses. thtety, t-t-t-, while tytyt-, t-tt; optimizes to the meso
The Most Stable Conformer.As in n-SisMe1,, the conformer structure tat- with a plane of symmetry. At this level of
of lowest energy at all computational levels except MM3 is the calculation, this is a true minimum, 0.61 kcal/mol aboyvet,,
all-transoid pair with two favorable bond interactionst;t, t_t_t_, but the lowest vibrational frequency is only 6 thThus,
t_t_t_, but in the MP2/6-31G(d) approximation,t{g+ is only in reality, trat- might well merely be a transition state for the
0.2 kcal/mol higher. At MM3 level the conformer of lowest interconversion of tt+t and tt-t_. The t.t;t- conformer is
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#° Ri1-2] - RI5-6) = 2.358

R[2-3] = R[4-5) = 2.359 Eincr
R[3-4] = 2.362

R[Me(2)--Me(5)] = 2.436 (kcal/mol)
A[1-2-3] = A[4-5-6] = 111.6

Al2-3-4] = A[3-4-5] = 115.4

o R[1-2] = R[5-6] = 2.357
R{2-3] = R[4-5] = 2.361
R[3-4] = 2.362
RMe(1)-Me(3)] = 2.652
A[1-2-3] = A[4-5-6] = 112.0
A[2-3-4] = A[3-4-5] = 1115

Ecalc
R[1-2] = R[5-6] = 2.357 RI1-2] = R5-6] = 2.357 (kcal/mol)
R{2-3] = R4-5] = 2.360 R(2-3] = Ri4-5] = 2.361 Figure 5. HF/3-21G(d) energiesEincr andEcalc for stable conformers
R{3-4] = 2.358 R[3-4] = 2.367 . 0
RiMo(1}-Me(4)] = 2.366 RMo(2)-Mo(4)] = 2,601 (®) and unstable conformations>( for Eincroand Ej. only) of n-
A1-23) = A[45:6] = 1167 A[1-28] = 2[4-56] = 111.8 SisMeus. Squared correlation coefficient®:RE; ., 0.985;E,, 0.993;
~e34l= 345 = 1198 n2-4] = 45 = 1134 Ej.» 0.997 (stable conformers only). Dotted lines represent perfect

agreement. The upper plots have been displaced by 2.0 and 4.0 kcal/

mol.
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2e 23] = Figure 6. HF/6-31G(d)//HF/3-21G(d) energie&incr andEca for stable
Al1-2}=2.359 f1-2:3] = 111.7 R[1-2] = 2.356 Al1-2-3] = 114.2 0
o he e lne RR3I=2367  A241=1180 conformers #) and unstable conformations>( for E; . and Ej;,
R4sl=2072 A5l 1151 el B only) of n-SisMess. Squared correlation coefficieni: E,,, 0.858;
P} 2357 RI5-6) = 2356 E, ., 0.991;E; ., 0.999 (stable conformers only). Dotted lines repre-
R[Me(2)--Me(6)] = 2.411 incr incr .
RiMe(3)-Me(e)] = 2.398 sent perfect agreement. The upper plots have been displaced by 2.0
Figure 4. Optimized HF/3-21G(d) geometries for selecte8igMer4 and 4.0 kcal/mol.

conformers. StSi bond lengths and closest M&le nonbonded ) ) )
distances are given in A, and SiSiSi valence angles are given in deg.high molecular weight polysilanes. Note that of the other meso

The H atoms that constitute the closest-Mée distance are shownin  arrangements, @o- is stable but of rather high energy (2.60
black. kcal/mol at HF/3-21G(d) level), and the.ag- arrangement
corresponds to a transition state.

also unstable at the MM2 and MM3 levels, and it corresponds ~ Other Conformers. According to the HF/3-21G(d) calcula-

to a transition state at the MM3 level. tions, conformers of the next most stable group have one gauche
Either way, we believe that theat- conformation, which is or ortho twisted SiSi bond with no unfavorable interactions

not one of the 216 combinations of dihedral angles identified (group 2A). The spread among the 2A conformers@s5 kcal/

above, is likely to be important. It represents a low-energy mol, with g more favorable than o (at the HF/6-31G(d)//HF/

“defect” in the all-transoid helical chain that reverses the helical 3-21G(d) level they are isoenergetic within 0.1 kcal/mol). The

sense and it may well play a role in the thermochromism of corresponding conformers of group 2B, with one unfavorable



Conformers ofn-SisMe14 J. Phys. Chem. A, Vol. 104, No. 15, 2008375

8 A B T - 8 T T

o o .
o
o0 L J
ras B R 7
Ce o o
» o
6f 880 ¢ o ] 6f & 0
$ © - * s
» <
| Eincr ﬁ <o . 5 Eiper %0 o]
Einer ST '0‘ ] Eincr R 23 *
L g g &
(kealimol) '9 N O‘ (kcal/mol) ‘3 * o
44 o ] 40 o o
" ¥
Eper ¥ o L Einer, @ 1
3l lnc;‘.. o 0 <:<>_ 3 mci%’
«* P g < * A 4
* Oop ©
2<>' :g% ®o ] 2e 9‘280 o® 1
» © »
b2 4 B aos
1 L ngr g [e3 ] 1F mcr’”‘ OO 7
s .
0 ‘o‘ - L 1 L Y “ L L L 7
0 1 2 3 4 0 1 2 3 4
Ecarc Ecarc
(kcal/mol) (kcal/mol)
Figure 7. MP2(FC)/6-31G(d)//HF/3-21G(d) energie&ine and Ecarc Figure 9. MM3 energies: Einer and Ecaic for stable conformers4)
for stable conformers®) and unstable conformation$ ( for Ej,, and and unstable conformation$( for EY, andE;;,, only) of n-SigMeya.
1 only) of n-SisMeys. Squared correlation coefficien?: E2, Squared correlation coefficien®8: ES,., 0.867;E., 0.923;E/.,
0.935;E; .., 0.968;E ., 0.994 (stable conformers only). Dotted lines  0.993 (stable conformers only). Dotted lines represent perfect agreement.
ncr nCr

represent perfect agreement. The upper plots have been displaced byrhe upper plots have been displaced by 2.0 and 4.0 kcal/mol.
2.0 and 4.0 kcal/mol. ) ] )
and ortho bond conformations are preferred; i.e0,@- is more

2 I T stable than pg-o; (Table 2, groups 5A and 6A), reflecting the
s _f ] less stable pg- and o.g+ combinations. Of the 13 stable
w0l R enantiomeric conformer pairs in category B, five havg tand
& five have go; interactions. However, all but two of the 13
9 A‘éf conformers in category B are more than 2.0 kcal/mol above
sl . & o the t t;t+ conformer, and the lowest HF/3-21G(d) vibrational
Einer Einc;fo ° RV frequencies of the two exceptions are less than 10'@nd it
(keal/moh) 7 - 2© :o ® 9 is questionable whether they are truly stable. Since the lowest
64 o’ *® vibrational frequency of the clear majority of stable conformers
sl :Ao‘"" %‘“ ] with one unfavorable interaction lies below 15 chfTable 2),
| Ena e : & it is unlikely that all of these structures will correspond to
4 ".i Q‘.O'"O L minima at higher computational levels. In contrast, 16 out of
3¢ g . 17 conformers of category A with all favorable interactions
ol mm@»}g‘ 1 (Figure 1) have thei.r lowest vibrational frequenpy above 15
R cm~1, and are more likely to correspond to true minima. If one
R ] is interested only in minima whose lowest vibrational frequency
P A S exceeds 15 cm and whose energy is at most 2 kcal/mol above
o 1 2 E3 4 5 6 that of the most stable conformetttty, t-t_t_ only conforma-
calc

tions of category A need to be considered.

_ _ (keaimoD The MM2 stability order is similar to those found at the two
Figure 8. MM2 energies: Eincr and Eca for stable conformers«) HF levels, especially to that obtained from HF/3-21G(d)
and unstable conformations>( for By, and By, only) of n-SigMeys. calculations. However, the number of conformers is smaller at
Squared correlation coefficien®: Eq, 0.815; B, 0.944; Ef, the MM2 level, and a comparison might not be fully justified.

0.998 (stable conformers only). Dotted lines represent perfect agreement

The upper plots have been displaced by 3.0 and 6.0 kcal/mol. Some minor differences exist between the MM2 and HF stability

orders, and the most obvious of these occurs in the 2B group,

bond interaction, are less stable than those in group 2A and inwhere two stable conformers exist at the HF/3-21G(d) level but
general equally or only slightly more stable than those of group only one at the MM2 level. Similar small differences were found
3A with two g or o twists. between HF and MMZ2 in the previous studyreSisMe; .. E.g.,

Thereafter, several groups of conformers are of comparablewhile the t.g-, t-g+ conformers ofn-SisMe;, and their
energy. At the HF level, the ordering of the conformers that enantiomers are stable at the HF/3-21G(d) level, they are not
belong to group 4 does not agree with simple expectations. It at the MM2 level of calculatioA®
is clear that the combinations.@- or 0,g+ are of comparable The MP2/6-31G(d) and MM3 methods give very similar
stability, since the energies of 4A and 4B conformers are nearly results. They yield a different stability order than HF and MM2
equal. At the MP2 level the 4A conformers are always more since the conformers that contain dihedral angles are favored

stable than the 4B conformers. over those with @ dihedral angles, and are often nearly as stable
For the conformers in groups 3A, 3B, 4A, and 4B, itis always as their { counterparts. This is especially noticeable in the MM3
more favorable to have,gand o. twists separated by a bond results where even the all-gauche conformey.@- is of low

conformation. Nonalternating arrangements of several gaucheenergy (0.27 kcal/mol), quite contrary to what was found at
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Figure 10. EnergiesEine and Ecac for selected stable-Si;Me;s and n-SisMe;s conformers at (A) HF/3-21G(d), (B) MM2, and (C) MM3 levels.
Squared correlation coefficien® at HF/3-21G(d) level (A) ar&p,,, 0.988;E. ., 0.992; ancE]., 0.999. At MM2 level (B) they ar&?,,, 0.926;
E,.. 0.966; ancE,.,, 0.987, and at MM3 level (C) they ak,.,, 0.903;E,.,, 0.943; ancE.,, 0.990. Dotted lines represent perfect agreement. The

upper plots have been displaced by 2.0 and 4.0 kcal/mol.

the HF/3-21G(d) level (3.13 kcal/mol). In the MM3 approxima- suggesting only minor steric congestion. Angles in the range
tion the number of conformers below 3.0 kcal/mol is also larger of 70°—80°, which constitute borderline cases between gauche
than at any other level (Table 3), with the MP2 level a close and ortho conformations, and exceptionally smallagd large
second. 0+ angles, are found in groups of type B and in groups-4A
At all levels of calculation, the g+g+ conformer is more  6A.

stable than.tg.g.. We therefore expect that among conformers ~ The dihedral angles in the most stable 4A conformet, @,

of longer permethylated oligosilanes with a given number of do not deviate significantly from the standard values, but in
gauche twists those that have these twists separated by transoitioth other 4A conformers,; ¢.0- and t.o_g+, they are distorted

bond conformations will be most stable (e.g.gttyg+ will at HF/3-21G(d) level by as much as°1prable 4). Similar
probably be more stable thangt g+t4). deviations are seen in the stable conformers of group 4B. Above
Comparison of Computational Methods. The difference it was seen that structures with @and g. twists next to each
between the two types of computational methods follows the other lead to structures which are less stable than those which
trend already established for 4Bie;e®> and SiMe;s!® and had such twists separated by one This relative instability

supports the interpretation given there. Whereas the HF ap-relates to the distorted structure that the Si backbone has to
proximation ignores the van der Waals attraction among the adopt in these conformers.
methyl substituents, and MM2 is parametrized to mimic¥4F, The molecular mechanics methods give slightly different
the MP2 method includes at least some of this van der Waals values for the optimized dihedral angles of the Si backbone but
attraction and therefore favors more compact structures (thesimilar angle variation among conformers. For ortho dihedral
parametrization of MM3 was explicitly designed to incorporate angles, both MM2 and MM3 values are smaller than the HF/
van der Waals interactiép). 3-21G(d) values (Figure 3), while the gauche bond angles are
In solution, the increased intramolecular van der Waals slightly smaller and the transoid bond angles slightly larger.
stabilization of the more compact structures will probably be Since HF/6-31G(d) and MP2/6-31G(d) dihedral anglesyin
compensated to some degree by a reduced intermolecular varPisMeio are identical within 2, the deviation for MM2 and
der Waals interaction with solvent molecules, and they will MM3 is inherent to these empirical methods.
probably lose their advantage. Our previous observtitiat The SiSi bond lengths are in general slightly longer in o
the MP2 (MM3) results seem to agree with gas-phase experi- twists than they are initand g. bond conformations (Figure
mental results and the HF (MM2) with solution results probably 4). There also is a variation between conformers withot.,

applies to longer chains as well. and g. turns in SiSiSi valence angles with values foiround
Conformer Structures. Forn-SigMes 4 the calculated spread ~ 117°, for o around 114, and for g. around 117.

in the Si backbone dihedral angles — w3 is larger than in n-SisMe14 Conformer Energies from Additive Increment

n-SisMe;, andn-SiyMe;o. Among the stable-SigMey4 conform- Models. A major objective of the present investigation is to

ers,w calculated at the HF/3-21G(d) level for transoid bond test the use of additive incremeriiéx) andE(a.f) (o, f = t,
conformations varies between 1484#nd 175.0 (Table 4), as 0+, Or 01), representing bond-conformation and bond-interaction
compared to the-Si;Meyo value of 163.8. For the gauche bond  energies, for conformer energie&n.r of longer oligosilanes
conformations, the range is 43:071.C°, and for ortho, 81.0- by use of eq 1.

111.7. Most of the variation is found among the less stable (i) Original Increment Set§E%a), E°(a.,S)}. These incre-
conformers. For conformers in the groups -12A the Si ments were derived for several levels of theory from data
backbone dihedral angles are withif & those inn-SisMesq, obtained forn-Si;Me;o and n-SisMe;2.5 They reproduce well
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the order ofn-SisMe14 conformer energies provided by the ab  andEca. It is notable that the ag— segment appears in all of
initio methods (Table 3). Some differences occur at the HF/ the conformers which show large deviations.
6-31G(d) level of calculation, where some conformers with g (ii) Improved Increment Set$E'(a), E(a,5)}. The now
twists are erroneously predicted to be more stable than their o available computed energies pfSisMe14 conformers permit
counterparts. an improvement of th&(a) andE(a,3) increment values by a
The correlation between-SigMe; 4 conformer energieg?,, least-squares fit to computed conformer energies of all stable
obtained from eq 1 using these published increment values andn-SisMeso, N-SisMes2, andn-SigMes4 conformers (Table 2). The
the Ecac energies calculated presently (cf. Table 2) is shown by energiesE; ., derived from the resulting improved increments
plots labeledE) ., in Figures 5-9. For stable conformers the E'(a) andE'(o.,5) agree better with the energi&sa . derived
agreement is generally good, but the energies of some of thefrom the ab initio computations (plot;,, in Figures 5-9),
high-energy conformers deviate considerably. The mean devia-and HF/3-21G(d) again yields a smaller mean deviation than
tions are in the range 0.3D.52 kcal/mol, with the best methods based on single-point energies. Whereas there were
agreement for HF/3-21G(d) and the worst for MM2. The some differences in the stability order for the 2BA—4A
agreement is better for conformers with energies below 3.0 kcal/ conformers at HF/3-21G(d) with the initial unadjusted increment
mol (e.g., for the HF/3-21G(d) level the mean deviation then is Set, they have now disappeared. The description of unstable
0.07 kcal/mol and for MM2 it is 0.16 kcal/mol). It is likely that ~ structures is not improved (not shown in Figures% cf. Table
the increment model is less suited for high-energy conformers 2)-
because their dihedral angles deviate more strongly from the No improvement is seen for the MM3 method. For this
norm. method, theEﬁ1cr and Ec,c values for some conformers differ
There also is a slightly better agreement betWE%E} and by as much as 1.3 kcal/mol, and an adjustment that removes
Ecac for the ab initio methods than for the MM3 method. this disagreement invariably produces other disagreements. Since
However, even for HF/3-21G(d) there are a few conformers Molecular mechanics methods were found to exaggerate barrier
for which E2_, and Eca differ by as much as 0.54 kcal/mol. ~ heightsi®in strongly distorted $Mes, conformers they probably
For the increments obtained from single-point calculations, HF/ Overestimate the energy needed for the distortions of the Si
6-31G(d) and MP2/6-31G(d), the situation is slightly worse. Of b_ac_kbone which occurs in some conformers. The situation is
the stable conformers in category A, those in groups 5A and Similar at the MM2 level, even though the mean deviation

BA give particu|ar|y poor agreement_ reduces from 0.52 to 0.25 kcal/mol when going frﬁ{hzr to
For dihedral angle combinations that do not correspond to Eincr ] _ _
stable conformers the agreement betwfé{gr and Egyc is (i) Increment Sets with Nonadjacent Interactiofs" (o),

poor, with deviations as large as several kcalimol, and for these,E"'(@8), E'(a3,)}. The fact that the E(a), E%(c,8)} incre-
the increment model is useless. This is not surprising, since theMents derived fromm-Si;Me;o andn-SisMe;. results alone did
increments were derived from-SisMe;o and n-SisMeys, in not yield a perfect agreemen_t_b_etweEﬁJcr and Eca for n-
which there are no interactions between methyl groups in S|5Me;[4 reflects a lack of addilty. The |eaSF'SqUares treat-
positions 1 and 6, and the large steric repulsion between theseMent of a larger set of daté(,) does not provide much ofa
groups in some conformations fSigMey 4 is therefore ignored.  remedy, since it does not address this fundamental issue. This
These repulsive effects are particularly significant in structures iS perhaps best illustrated on results i®SisMe;o, whose
that contain one or two unfavorable bond interactions. As a €nergies are described by a single increment. For example, for
result, in most cases the), values underestimate tHe. the or conformer at the MM3 level, and for the.gonformer
values (Figures 59). at HF/6-31G(d) level, the differences betwelf,, and Ecarc

The limitation of the additive increment method only to &ré 0.20 and 0.17 kcal/moll, respectlyely. Clearly, an attempt to
structures that correspond to stable conformers is not a serioudit Some of the grossly distorted high-energy conformers of
problem for their intended future use, as long as we can S6Meis(groups 5A and 6A) can only be achieved at the expense
recognize and eliminate the unstable and/or high-energy struc-Of the agreement for the shorte( ollgosn_anes. The situation is
tures as discussed below. It appears more important to consideParticularly sad for g and o. of n-SisMe, since the cor,n‘ormers
the deviations betweeh‘q?1cr andE.yc observed for a few of the of SigMexs whgre large deviations betwe&a.c and Ei., are
stable conformers, since for these conformers the strain can befouTnho_I to cotl)’}taln mg_lgegmsnts. b ved by inclusi ¢
seen in geometry changes. For thet, conformer the average IS problem could pernaps be Solved Dy Inclusion of a
SiSi bond length is 2.360 A at HF/3-21G(d) level, whereas in pena[ty function in the increment optimization, but a more
conformers in which there is a large deviation betw&Sp promising way to handle it is to recognize the nonadditivity

) L X ; )
andE,c some SiSi bonds are stretched (Figure 4). For instance, explicitly an(_j o include mcrementE(a_,ﬂ,y) for the_ dihedral
in 0,g_g. one SiSi bond is 2.375 A long. On the other hand, ang_le .comblnatlons that are re§p0n3|ble for partlcglarly large
the closest nonbonded distances between methyl groups jpdeviations. We have d°”‘§ this only for thoseSisMe.4
conformers in which there are large differences betwgn conformers whos&aic andE,,, values differed by more than
L 0.2 kcal/mol. This required the introduction of-8 new

andEcac (e.9., tg+0- and 0.g-g-) are similar to those found . o
in g1g.g-, for which a good agreement is found. A hint for the increments for the ab initio methods (Table 5), and of 6 for the

understanding of these contradictory observations is provided Msl\clg g‘netzho_czla,ldrgjp;ctlr\rl]ilzie?jr}cri]C?elrie;sr]t£s%1aresé?’ptln;glzatlon
by the values of their Si backbone dihedral angles, which in using eq 2yl ug : $eY), E" (0 ),

these conformers almost always deviate significantly from the E'(afy)} (Figures 5-9).

ideal values expected fortgs, and o (Table 4). Thus, to n-3

decrease steric repulsion and keep methyl groups at attractiveg. (o o ... —Ett . t)=S E(a) +

van der Waals distances the dihedral angles in the Si backbone e 1,01+ On-g) — Bt ) 4 (€6)

are distorted from the norm. It seems as if steric effects n—4 n-5

disregarded when deriving®(a) and E%(a,8) from n-SisMeso E(o,040) + S E(04,0,1,0445) (2)

and n-SisMe;, were responsible for deviations betweEﬁ]Cr = =
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The correlation betweeBcac andEj;, is superior and mean
deviations are below 0.05 kcal/mol for all four methods.
However, for MM2 it requires the inclusion of 12 new

E"(oB,y) increments to reduce the mean deviation to 0.04

Ottosson and Michl

HF/3-21G(d) level and the stability order oftit-t- and
t4tity g4 disagrees with that found from actual calculations
(Table 7). The use of, leads to a lowering of the con-
former energy of tt4t_t—, and thus to a better stability order,

kcal/mol, and this appears excessive. This increased lack ofand further improvement is obtained wik,,. The same is

additivity in the MM2 results seems exaggerated. It could be
related to the wide variation in the optimized dihedral angles
(e.g., the g twist in the a.g-g- conformer is~20° off the

value in SiMe;q), which imposes demands on parameter values

well outside the region for which they were optimized. These

true for the ordering of ittt t- and tt;tst g+ conformers
of n-SigMe1s, where the correct order is only obtained with
Ei'ncr and Ei'r'u:r'

At HF/3-21G(d) level theE , values are equal for the

t4titgt+ and ttig+ty conformers, but according tBqc the

demands appears to be excessive in the case of MM2 and less, t,t,g. conformer is more stable by 0.07 kcal/mol. TEg,,

so for MM3. We believe that the MM2 method is less reliable
than the others when applied to oligosilanes.

To permit computation of relative energies of conformers with
anti dihedral angles, we added two incremeftéo,3,y) that
were derived from the energies of theat- and o.ao-
conformers of SiMey4. Since the anti bond conformation only
exists in these two combinationg;’'(a) does not need to be
defined. TheE"(t1at-) increment fully describes the contribution
of a trat- segment to the energy of a permethylated oligosilane,
and a sum of twice th&'(0) plus theE''(0;a0-) increments
describes the contribution provided by apao- segment.

Stabilities of n-SizMe1s and n-SigMe g Conformers. The
validity of the increment models can only be tested on longer
oligosilanes. It is likely that the energies of even more grossly
distorted high-energy conformers will again deviate from
additivity, and to fit them without affecting the rest, one would
need to include in eq 2 increments of the tyiie.,5,y,9), etc.,
ad infinitum. Clearly, to be useful the chain has to be truncated
somewhere. A formal justification is the ever-increasing energy
of the highly distorted conformers, which will be underestimated
by Eincr. Once this is high enough for them to be of no practical

value clearly overcorrects this error, and the energy separation
is only 0.03 kcal/mol too large whek;,, is used. With the
molecular mechanics methods, the correct ordering of MM2
conformer energies is found already with the original increment
set. However, with MM3 the energy difference betwegntt.g+

and t.t.g+t+ is merely 0.04 kcal/mol, and the ordering of these
conformers cannot be correctly described with the increment
method since with théE" (o), E''(o.,8), E'"(a,8,y)} set the two
conformers become isoenergetic.

For SiMejs and SiMe;g conformers that contain segments
that are difficult to describe with increment methods the
agreement at HF/3-21G(d) level is good when {{#&'(a),
E"(a,f), E'(0,B,y)} setis used (within less than 0.09 kcal/mol
for SizMejg and 0.11 kcal/mol for $Meyg). With this method,
the mean deviation betwedf,c and Ejnc is also drastically
reduced when the increment set is improved (Figure 10 and
Table 7). Conformer energies derived from molecular mechanics
based increments are not in equally good accordance with actual
calculated energies. The deviation Eff., from Ecac is worst
for MM2, but even for MM3 deviations by as much as 0.26
kcal/mol can be noted. Thus, usage of increment sets derived

interest, the chain can be truncated. It appears likely that the from molecular mechanics methods should not be encouraged.

truncation point has now been reached,Ejs, agrees with
Ecac even for those conformers ofSigMe;4 whose energy is 4
kcal/mol aboveE(t t4t1). We expect that only those conformers

On the other hand, increment sets which are based on ab initio
results are likely to give correct conformer energies for any
permethylated oligosilane and polysilane with a precision of

of Si;Mess and longer chains whose relative energies are even approximately 0.05 kcal/mol.

higher in relative energy will be subject to significant energy

underestimate, and we have tested these notions on a fewConclusions

selectedh-SizMe;s and n-SigMe; g conformers (Table 7).

HF/3-21G(d), MM2, and MM3 calculations were done for
the following stablen-Si;Me;g conformers: (i) the multitude
of all-transoid conformers, (ii) the two conformers with favor-
able interactions that contain both tonformations and one
g+ bond conformation, (iii) the four conformers with favorable
bond interactions that have twa gnd two & bond conforma-
tions, (iv) conformers containing one-@ompared to one.g
twist, and finally, (v) high-energy conformers with mixtures of
ty, oy, and g bond conformations, including some with
unfavorable bond interactions (Figure 1), likely to show
deviations from additivity. Five-SigMe;g conformers were also

According to the ab initio methods used in this study, the
all-transoid is the most stable conformermSigMey4. This is
also the case at the MM2 level, whereas with MM3 several
conformers which containgbeside t twists are of lower
relative energy.

The purpose of the study was to verify that additive increment
sets can be used to derive relative conformer energies of linear
permethylated oligosilanes. Such increment sets were derived
at three levels of sophistication. At the lowest level, increments
were derived from relative energiesrei;Me;p andn-SisMes
conformers. For conformers which containgo and o.g+
fragments this increment set leads to significant deviations

investigated. These were selected so as to encompass the tWgetween conformer energies derived from incremeBis,)

most stable all-transoid conformers, two conformers with g
twists, and one high-energy conformer for which it may be
difficult to calculate the conformer energy from increments.
For n-Si;Mey6 the existence of two all-transoid conformers
has been proposed from experime¥tsihe most stable is
assigned as.titity, whereas the second was tentatively
assigned as.tyt-t_. At present it is not clear from calculations
whether the latter has a symmetric structure,ft-t-) or if it
is better represented asttat- since different levels of cal-
culation give different results. For the time being, we shall
assume the symmetricttt-t- structure. The deviation be-

tweenE.yc and Ei?1cr for the tt4t—t- conformer is large at the

and those obtained from calculatiorig4y. Use of data from
n-SigMes4 in the least-squares optimization of the increment sets
gave only slightly better results. However, the inclusion of a
small number (3-6) of increment$(a,3,y) that describe next-
nearest bond interactions for the problematic conformers leads
to a dramatic improvement. With these increment sets conformer
energies can be computed that agree with those calculated with
mean deviations below 0.05 kcal/mol. A preliminary test against
the energies of 20 @Vie;s and SgMesg conformers that were
not used in increment optimization shows an excellent agree-
ment. The mean deviation with all methods is less than 0.07
kcal/mol, and with HF/3-21G(d) in particular it is 0.04 kcal/
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mol. The situation is questionable for MM2 since 12 increments
of the typeE(a,3,y) had to be included to obtain this level of

agreement. This large degree of nonadditivity appears suspicioussgg

and we discourage the use of this method for oligosilanes.

It appears that the HF (and MM2) results better reflect the
relative stabilities of the conformers in solution, whereas MP2
(and MM3) reflect the situation in the gas phase, but additional
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experimental data are desperately needed. Given that the (10) Schiling, F. C.; Bovey, F. A;; Davis, D. D.; Lovinger, A. J.;
increment sets are applicable also for long oligosilanes and MacGregor, R. B. Jr.; Walsh, C. A,; Zeigler, J. Macromolecules989

2, 4645. Song, K.; Kuzmany, H.; Wallraff, G. M.; Miller, R. D.; Rabolt,

polysilanes, the energies derived from the MP2-based incrementsg_ F.Macromolecules.99Q 23, 3870.
should at present be the best available estimates of the stabilities (11) Miller, R. D.; Sooriyakumaran, RMacromolecule498§ 21, 3120.

of various conformations of such long chains in isolation.

Energies obtained from HF-based increments probably are the

best for solutions in nonpolar solvents.

The next objective in this series of investigations is to derive
additive increment values that will accurately reproduce ex-
perimental relative free energies of all low-energy conformers
of permethylated oligosilanes and polysilanes in isolation and
in nonpolar solution. This requires calculations with a better

basis set, a better treatment of electron correlation, inclusion of

Oka, K.; Fujiue, N.; Dohmaru, T.; Yuan, C.-H.; West, R.Am. Chem.
Soc.1997 119, 4074.

(12) Yuan, C. H.; West, RChem. Commuril997, 1825.

(13) Yuan, C.-H.; West, RMacromoleculed 998 31, 1087. Gahimer,
T.; Welsh, W. JPolymer1996 37, 1815. Obata, K.; Kira, MRIKEN Re.
1995 11, 39. Sanji, T.; Sakamoto, K.; Sakurai, Bull. Chem. Soc. Jpn.
1995 68, 1052. Shukla, P.; Cotts, P. M.; Miller, R. D.; Russell, T. P.; Smith,
B. A.,; Wallraff, G. M.; Baier, M.; Thiyagarajan, AMacromolecule4991
24, 5606. Miller, R. D.; Wallraff, G. M.; Baier, M.; Cotts, P. M.; Shukla,
P.; Russell, T. P.; De Schryver, F. C.; Declercq,JDInorg. Organomet.
Polym.1991, 1, 505. Harrah, L. A.; Ziegler, J. MJ. Polym. Sci., Polym.
Lett. Ed.1985 23, 209. Miller, R. D.; Hofer, D.; Rabolt, J.; Fickes, G. N.

zero-point energies and rotational and vibrational entropies, and;j am. Chem. S0d985 107, 2172. Trefonas, P. IIl.: Damewood, J. R. Jr.:

in the latter case, inclusion of solvation energies. It would have
been hopeless to do this for all possible conformers g¥&io,
SisMe1,, and SgMes4, but with the guidance provided by the

West, R.; Miller, R. D.Organometallics1985 4, 1318.

(14) Raymond, M. K. Ph.D. Dissertation, University of Colorado,
Boulder, 1997. Raymond, M. K.; Michl, Jnt. J. Quantum Chenl999
72,361. Raymond, M. K.; Magnera, T. F.; Zharov, |.; West, R.; Dreczewski,

present study, it should be possible to perform the most B.: Nozik, A. J.; Sprague, J.; Ellingson, R. J.; Michl, J. Applied
demanding calculations on a rather limited set of conformers Fluorescence in Chemistry, Biology, and MediciRettig, W., Strehmel,

and still achieve the goal.

We recognize that the barriers that separate the conformational

minima will ultimately be of interest as well. We have already
examined the energy contour mapreBisMe;, as a function

of the two Si backbone dihedral angles at the MM2 and MM3
levels!® but much more remains to be done.
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