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ABSTRACT: An empirical relationship between persistence length (q) and molar
absorptivity (&) of poly(dialkylsilane)s (PSis) was developed. Here the g value was
estimated by a touched-bead wormlike-chain model with the relationship between
the intrinsic viscosity and the molecular weight, which were obtained from a size
exclusion chromatography equipped with a viscometer. The resulting é—g plot
showed an apparent saturation curve, which could be formulated as £ = 10°/(2.16
+ 21.3q_]‘23) with a high correlation coefficient, r = 0.99. Furthermore, using this
empirical é—q relational equation, changes in the g value of the PSis among
thermochromism with (i) abrupt transition, (ii) gradual transition, and (iii)
nontransition were estimated. (i) Abrupt type of thermochromism: poly(n-
decylmethylsilane) exhibited an UV absorption band at 308 nm above transition
temperature (T.). This band drastically decreased in the relatively narrow range of transition temperature (ca. —35 to —S0 °C),
accompanied by an appearance of a new UV absorption band at A,,,,,: 334 nm. In this case, the g value above T, at 308 nm and below
T at Apmax: 334 nm was nearly identical, at ca. 1.5 nm. (ii) Gradual type of thermochromism: poly(n-hexyl-n-propylsilane) showed a
gradual bathochromic shift from A,,,,: 320 to 350 nm in the relatively wide range of trandition temperature between —20 and
—5S °C, involving conformation change from 7; helix to all-trans. Here the q value for the all-trans conformation with 5 nm
increased approximately twice than that for the 7; helix conformation. (iii) Nontransition type: poly(n-hexylmethylsilane) showed a
bathochromic shift of ca. 11 nm in the ranges of observation temperature (+25 to —80 °C) without an apparent transition. Here the
g values were gradually and contiuously increased from ca. 1.2 to 1.4 nm. These results allowed to estimate the g value of PSis under
various conditions, leading to a novel approach of investigation of the conformation-dependent chromic behavior of PSis, such as
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thermochromism, solvatochromism, piezochromism, and electrochromism.

B INTRODUCTION

Poly(dialkylsilane)s (PSis) can be regarded as quasi-one-
dimensional (Q1D) materials with delocalized 0-conjugated
electrons along the Si main chain. Their unique optical/electro-
nic properties have been rationalized by quantum confinement
effects of these 0-conjugated electrons both theoretically* and
experimentally.® Because of their one-dimensional direct band
gap nature, PSis exhibit UV absorption around 300—380 nm,
depending on the global and local conformation of their main
chains. Typically, when PSis adopt the conformations of the
deviant (dihedral angle, ¢: 150°), transoid (¢: 165°), and anti
(¢: 180°), the wavelength of maximum absorption (4,,,,) of the
UV absorption bands appear to be ca. 320, 355, and 370 nm,
respectively.* This unique UV absorption behavior depending on
the conformation has been extensively studied in terms of a
chromophoric segmental model, where the individual segments
are loosely, electronically coupled, but which communicate
through rapid energy migrationsb’5 Here the conformation-
dependent UV absorption has been utilized as a “chromophoric
indicator for global conformations” of PSis under any conditions,
as far as UV measurement is available.®
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On the other hand, the global conformation of PSis in a dilute
solution, such as stiff, semiflexible, and random-coiled chains,
can be estimated by the viscosity index, o, through the
Mark—Houwink—Sakurada (MHS) equation [7] = kM®, where
[77] is the intrinsic viscosity, k a constant, and M molecular weight,
respectively.” In a previous paper, Fujiki reported an empirical
relationship among the main-chain peak intensities per silicon
repeat unit, ¢ (Sirepeat unit) ' dm> cm ™, @, and the full width at
half-maximum (fwhm) in the PSis with a variety of combinations
of alkyl side chains in tetrahydrofuran (THF) at 30 °C.* Conse-
quently, the value of € increases exponentially as a function of the
value of 0, whereas the value of fwhm decreases as a function of Q..
Here the correlation between &, @, and fwhm allows estimation of
the global conformation of PSis under various conditions, such as
cast film, solution, and bulk solid. Although this study is an
important step toward exploiting the universal correlation be-
tween the main chain conformation and the electronic structure
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of PSis, these data may not be suitable for quantitative discussions
on the stiffness of chain-like polymers, because the MHS equation
is only applicable over a limited molecular weight range.”

As a more reliable approach to quantitatively define the global
conformation, the worm-like chain®*'" has been proposed. In
these models, degree of stiffness was expressed as a persistence
length (g), which is a better parameter than o to delpict the global
nature of chain-like polymers in dilute solutions.' Experimen-
tally, one of the facile but reliable methods to determine the g
value is a size exclusion chromatography (SEC) measurement
equipped with a viscometer. Indeed, the g values of several PSis
have been successfully determined.'” Here we expected that if the
global conformation of PSis could be interrelated to an electronic
structure in terms of q and ¢, an inherent correlation among the
global conformation, electronic structure, and actual optical
characteristics could be disclosed in considerably detail.

In this paper, we first developed a clear correlation between q and
¢ of the PSis by combinational analysis with an SEC equipped with
a viscometer and an ordinary UV spectroscopy. The obtained g-¢
relational expression was successfully applied for quantitative
evaluation of g values of PSis with thermochromic behaviors with
abrupt-, gradual-, and nontransition in dilute solutions.

B EXPERIMENTAL SECTION

PSis used in this study were prepared by a sodium-mediated Wurtz
reductive coupling of dichlorodialkylsilanes in refluxing toluene."*"?
The resulting samples were precipitated with careful successive addi-
tions of 2-propanol, ethanol, and methanol, which provided the PSis
with relatively narrow molecular weight distribution. Molecular proper-
ties of the PSis, such as weight-averaged molecular weight (M),
polydispersity index (PDI), and o were evaluated by an SEC with a
universal calibration (eluent: tetrahydrofuran, THF, flow rate: 1.0 mL
min~ ", and column temperature: 30 °C, column: TSKgel GMHHR-M
(Tosoh Bioscience, Japan) (300 mm in length, 7.8 mm in diameter, two
columns were connected in series with a guard column). Both refractive
index and viscosity were recorded on a Viscotek chromatograph using a
Triple Detector Array 302 in series (Viscotek, Houston, TX). The
obtained viscosity data were analyzed by the touched-bead, wormlike-
chain model with excluded volume®'* to estimate the persistence
length (q) and the bead diameter (dg) assuming the contour length
(h = 02 nm) per residue and the excluded volume strength
(B = 1.7 nm) for a previously investigated PSi, that is, poly{n-hexyl-[-
(8)-3-methylpentyl]silane}.'™'> Here 1" equals twice the value of g.
In order to clarify the uncertainty in A~ s, we also estimated the g values
when B = 0.5 nm (see Figure S1, Supporting Information). Tempera-
ture-dependent UV spectra of PSis were recorded using a JASCO V-570
spectrophotometer equipped with a cryostat (UNISOKU, Japan) for
working in a temperature range between +25 and —80 °C. Molecular
length (L,,) was estimated by the product of the repeat length of Si—Si
(0.196 nm) with a 7-residue 3-turn (7;) helix and the averaged Si
repeating number.'®

B RESULTS AND DISCUSSION

Sample Preparation and Characterization. Chemical struc-
tures for the PSis used in this study are summarized in Figure 1.
In this study, the PSis were divided into four categories by
chemical structures of alkyl side chains on the Si main chain; (1)
PSila—le with methyl and an n-alkyl group, (II) PSi2a—2c with
two n-alkyl groups, (IIT) PSi3a—3f with an n-alkyl and branched
alkyl group, and (IV) PSi4a with 3,3,3-trifluoropropyl and an
n-alkyl group. Here, it should be noted that both the ¢ value and
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Figure 1. Chemical structures of poly(dialkylsilane)s used in this study.
(I) poly(methyl-n-alkylsilane)s (PSila—1c) [PSila, poly(methyl-n-
propylsilane); PSilb, poly(methyl-n-pentylsilane); PSilc, poly(n-
hexylmethylsilane); PSild, poly(n-decylmethylsilane); and PSile,
poly(n-dodecylmethylsilane)], (II) poly(n-alkylsilane)s (PSi2a—2c)
[PSi2a, poly(di-n-butylsilane); PSi2b, poly(n-hexyl-n-propylsilane);
and PSi2c, poly(di-n-hexylsilane)], (III) poly(branched alkyl-n-al-
kylsilane)s (PSi3a—3e) [PSi3a, poly(methyl-(S)-2-methylbutylsilane);
PSi3b, poly(2-ethylbutylmethylsilane); PSi3c, poly(n-decyl-(S)-2-
methylbutylsilane); PSi3d, poly(n-decylisobutylsilane); PSi3e, poly(n-
hexyl-(S)-2-methylbutylsilane); and PSi3f, poly((R)-3,7-dimethyloctyl-
(S)-2-methylbutylsilane)], (IV) poly(alkyl-3,3,3-trifluoropropylsilane)
(PSi4a) [PSi4a, poly(methyl-3,3,3-trifluoropropylsilane) ].

thermochromic behavior of PSis are significantly affected by L,,"”
and PDI,'® as well as the main chain’s stiffness. Therefore, we
carefully chose the PSi’s fractions with the similar ranges of L,,
between 15 and 200 nm, to avoid complexity in the quantitative
evaluation (Table 1).

Correlation between Molar Absorptivity and Persistence
Length. All € and A,,,,, data for the PSis are summarized in Table 2.
Here the & values were calculated using the Lambert—Beer law.
UV spectra of PSis with marked difference in q values (PSila,
1.3 nm; PSi2c, 2.4 nm; PSi3d, SO nm) are shown in Figure 2. As a
result, the UV absorption band of the PSis became intense with an
increase in the g values, reflecting that global conformation of the
PSis changed from random-coil to rod-like nature in THF solu-
tion, similar to those observed previously.>' This result prompted
us to clarify the relationship between global conformation and
electronic structure in terms of g and ¢, respectively.

To further clarify the relationship between global conforma-
tion and electronic structure of the PSis, the relationship among
€, Amaw and q were investigated (Figure 3). Consequently, in the
region below 10 nm of the g value, we could not find an apparent
relationship between A, and ¢, due to an existence of several
local minima of rotation barrier energy of the Si main chain (blue
filled circle in Figure 3). This result indicates that the flexible PSis
with shorter g value can adopt a variety of conformations by
subtle structural changes in alkyl side chains appended to the Si
main chain. On the other hand, the PSis with relatively longer g
values between 50 and 80 nm showed A, at ca. 320 nm only,
originating from the PSis with 7; helix conformation.

Although an apparent relationship between & and 4,,,,was not
found, ¢ exhibited a clear saturation curve with increase in g,
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Table 1. Sample Data for PSis”

sample M,,/10* PDI° L,./nm" a
PSila 8.0 1.6 114 0.66
PSilb 4.4 2.2 34 0.74
PSilc 6.0 1.5 61 0.66
PSild 12 22 58 0.69
PSile 11 2.1 48 0.61
PSi2a 35 2.7 179 0.73
PSi2b 15 2.2 85 0.66
PSi2c 5.8 1.7 34 0.86
PSi3a 33 1.8 31 0.68
PSi3d 1.7 1.6 16 0.63
PSi3c 7.3 1.1 54

PSi3d 20 2.0 87 1.27
PSi3e

PSi3f

PSi4a S.1 1.8 40 0.62

q/nm dg/nm ML/nm71 B

13 0.95 421.05 0.5
1.5 0.95 561.5 0.8
1.2 1 631.5 0.5
0.9 13 911.95 1.7
12 1.23 1052 0.5
2.3 1.15 701.55 0.6
14 1.9 800 1.7
2.4 1.04 982 1.0
13 0.97 561 0.5
1.4 1.05 631.5 0.5

70 (isooctane, 25 °C)"?

S0 1.1 1122.35 1.0
5.0 (isooctane, 45 °C)***
6.1 (isooctane, 25 °C)"**
7.7 (isooctane, 5 °C)***

11.9 (isooctane, —15°C)'**

103 (isooctane, 25 °C)*°

1.0 0.73 691 0.5

?SEC conditions: temperature, 30 °C; solvent, tetrahydrofuran (THF). b M, weight-averaged molecular weight. “ PDI: polydispersity index (M,,/M,,).
41, molecular length. My : molar mass per unit contour length of the chain.

Table 2. Characterization of UV Spectral Data for PSis” Used
in This Study

sample £/10° Amax

PSila 5.8 307
PSilb 5.6 306
PSilc 6.8 306
PSild 5.8 307
PSile 5.7 308
PSi2a 9.1 316
PSi2b 8.2 318
PSi2c 9.1 317
PSi3a 6.2 296
PSi3b 52 296
PSi3c 52 (isooctane, 25 °C) 323 (isooctane, 25 °C)
PSi3d 43 321
PSi3e 15.5 (isooctane, 45 °C)** 320 (isooctane, 45 °C)**

22.2 (isooctane, 25 °C)*!

27.7 (isooctane, 5 °C)*!

36.8 (isooctane, —15 °C)*' 319 (isooctane, —15 °C)*'
PSi3f 48 (isooctane, 25 °C)*° 323 (isooctane, 25 °C)*°
PSi4a 3.0 290

“UV measurement conditions: for PSila—3b, 3d, 4a, temperature, 30
°C; solvent, THF; for PSi3c, e, f; solvent, isooctane.

320 (isooctane, 25 °C)**
320 (isooctane, 5 °C)*!

regardless of their conformations. The obtained plot was success-
fully fitted to the following equation with a correlation coeffi-
cient, r = 0.99 (red solid line in Figure 3);

10°

€T 216 + 2131

(1)

This empirical equation allows us to estimate the g values of PSis
from the ¢ value.

Here it is worth considering the UV absorption of the PSis
from a viewpoint of electronic structure. As mentioned above,
PSis can be regarded as quasi-one-dimensional semiconduc-
tors. Unlike bulk semiconducting materials, optical absorption
in PSis produces photogenerated hole—electron pairs, so-
called “excitons”, even at room temperature. Indeed, notable
features of the excitons in the QID systems have been
elucidated with PSis from both experimental and theoretical
aspects.”” Through a number of sophisticated studies, it is now
widely accepted that the exciton in PSis consists of a strongly
bound excition that exhibits a character intermediate between
Frenckel and Wannier excitons.” Here the PSi’s main chains are
assumed to be complete periodic systems with rigid lattices,
where the excitons travel along the Si main chain. Furthermore,
the coherent length of the PSi’s exciton was estimated to be
over 20—30 Si atoms of the main chain within lifetime,22b
which is roughly calculated to be ca. 4—6 nm, if the projection
length of Si—Si bond equal to that of 7; helix conformation
(0.196 nm). Here the values of ¢ and g are closely associated
with the structural segment length and excitonic coherent
length, respectively. Thus, in the region of several nm in g,
the € value increased almost linearly with an increase in g. This
is most likely because exciton’s coherent length is restricted by
the kink between the structural segments. However, when the g
value is sufficiently longer than the inherent coherent length
within lifetime, the exciton is no longer able to occupy the
single segment. Therefore, the € values would exhibit a satura-
tion curve with an increase in the q value.

Quantitative Evaluation of PSi’'s Conformation in Thermo-
chromism. One of the most unique physical phenomena of PSis
is thermochromism, which has been observed under various
conditions; such as dilute solution, cast film, and even isolated
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Figure 2. UV spectra of PSis with varying persistence length (g): PSila,
q = 1.3 nm (red solid line); PSi2c, ¢ = 2.4 nm (blue solid line); and
PSi3d, g = SO nm (green solid line).
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single chain tethered on the substrates.”> Depending on their
alkyl side chains, the thermochromism of the PSis involves either
gradual or abrupt bathocromic shift in the 4,,,, with decrease in
temperature.”* Although considerable efforts have been devoted
to disclosing the nature of the thermochromic transition,> the
detailed mechanism remains controversial. Among various
arguments on the origin of thermochromism,*® Sanji proposed
a statistical model for the cooperative thermochromism of the
PSis.”” In this model, two basic assumptions were made for the
theoretical treatment of the cooperative nature of the confor-
mational transition. (i) The thermochromism originates from
conformational transition between two ordered states; namely
all-trans- and helix-ordered conformation, not order—disorder
transition. (ii) The ordered helix form is transformed to a
statistical mixture of trans and gauche units at high tempera-
ture, which is based on the experimental fact that the radius of
gyration of the helix-rod like form decreases with increasing
temperature. According to the model, transition-type thermo-
chromism is observable only when the conformation stabiliza-
tion energies of the ordered sequences are large. Here the free
energy of stabilization of the ordered sequences has been
estimated by the intensity of absorption maxima. Considering

that the g value can be directly estimated with the £—gq
equation, we expected that if the changes in stiffness of the
PSi in the thermochromic transition could be estimated by the
q value, an inherent transition manner of the thermochromism
of the PSis could become more clearly understandable while
scattering and viscosity measurements are mostly infeasible at
such low temperatures. Therefore, here we applied the e—¢
equation to evaluate the g value in the vicinity of thermochro-
mic shift.

To quantitatively evaluate changes in stiffness of PSis during
thermochromic transition, we specifically chose PSild, PSi2b, and
PSilc, as a model to exhibit an abrupt, gradual, and nontransition
type of thermochromism, respectively (Figure 4).””*® Although
PSild, PSi2b, and PSilc exhibited a bathochromic shift with
decrease in temperature, significant difference was observed in the
transition manner. Here we categorized the stiffness-dependent
thermochromic transitions into (i) abrupt, (i) gradual, and (iii)
nontransition types.

(i) Abrupt type: in the case of PSild, the UV band at 308 nm
decreased with decrease in temperature. Simultaneously, a
new UV band appeared at 334 nm with an isosbestic point
at ca. 325 nm (Figure 4a). This type of thermochromic
transition is often seen in the PSis with symmetrical lon%
alkyl side chains; such as poly(di-n-hexylsilane) (PDHS).”
The origin of the thermochromism of the PSis has been
long thought to be order—disorder change of the main
chain. However, Sanji suggested that this could be regarded
as a transition between two ordered states, namely, all-trans
to 75-helix conformation, based on the sophisticated kinetic
analysis of the conformational transition of PDHS.*
According to this argument, UV band at 308 and 334 nm
of PSild was assigned to be 73 helix and all trans form,
respectively. Changes in molar absorption at 308 nm
(75 helix) and 334 nm (all-trans), and changes in the g
value are shown as a function of temperature in Figure Sa.
Above T,, PSis with 75 helix at 308 nm had 1.5 nm in the g
value. The q value at 308 nm drastically decreased at T
between —35 and —50 °C, following the shortness of the g
value near 0.5 nm. On the other hand, the g value at 334 nm
drastically increased in response to the transition, and
eventually reached the similar g value at 308 nm above
T.. This result suggests that apparent main chain stiffness
remains unchanged in the vicinity of the bathochromic shift,
whereas the main chain conformation drastically trans-
formed from 73 helix to all-trans conformation.

(ii) Gradual type of thermochromic shift: PSi2b showed a
gradual bathochromic shift from 320 to 350 nm, accom-
panied by a significant increase in the absorption
intensity with decrease in temperature (Figure 4b).**
Here the g values increased nearly twice from 2 to 5 nm
with a relatively wide range of transition temperature
between +25 °C and —80 °C, suggesting that rod—coil
transition occurred during the gradual thermochromic
transition (Figure Sb).

(iii) Nontransition type: The UV band of PSilc undergoes a
continuous bathochromic shift from 307 to 318 nm with
decrease in temperature during an operation tempera-
ture between +25 and —72 °C (Figure 4c). Only small
changes were observed in the absorption intensity and
the caluculated g values changed from 1.2 to 1.4 nm,
suggesting that no apparent conformational transition
occurred (Figure Sc).
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Bl CONCLUSION

We have demonstrated that persistence length and molar
absorptivity of the PSis exhibits a clear correlation. The empirical
&-q equation enabled us to estimate the g value in various
conditions by using ordinary UV spectroscopy, which was success-
fully applied to the quantitative evaluation of global conformation
changes during abrupt, gradual, and nontransition type of thermo-
chromism. This result should greatly contribute to further inves-
tigations on the structural origins of a variety of conformation-
dependent chromic behavior of PSis; such as thermochromism,’
solvatochromism, piezochromism,31 and electrochromism.*>
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