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ABSTRACT 

To elucidate temperature change of intermolecular interactions and chain dimensions for 

poly(dialkylsilane)s with or without thermochromism, synchrotron-radiation small-angle X-

ray scattering and UV-absorption measurements were carried out for relatively low-molar 

mass poly(n-hexylmethyl)silane (PSi-1), poly(n-decylmethyl)silane (PSi-2), and poly(n-

hexylpropyl)silane (PSi-3) samples in isooctane over a wide temperature range down to −94 

C.  While the dimensional properties for the three polysilanes were almost irrespective of 

temperature, the second virial coefficient for PSi-2 and PSi-3 significantly decreased and 

became negative below the thermochromic temperature at −60 C and −50 C, respectively.  

Analyses in terms of the quasi-two-parameter theory for the wormlike chain showed that 

conformational change detected by UV-absorption behavior does not cause appreciably the 

unperturbed chain dimensions of the polysilane samples.  Furthermore, aggregates were 

detected by ultra-small-angle X-ray scattering measurements for high molar mass PSi-3 

samples at low temperatures.  These results indicate that intermolecular interactions between 

poly(dialkylsilane) molecules become attractive around the thermochromic temperature. 

 

Key Words: polysilane; SAXS; intermolecular interaction 
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1. Introduction 

Polymer dimensions in solution are one of the most important properties of 

macromolecules since it is well related to the physical properties of polymer solutions 

including viscoelasticity as well as lyotropic liquid crystallinity [1, 2].  Chain dimensions for 

stiff polymers including relatively short flexible polymers are mainly determined by the chain 

stiffness in the Kratky-Porod wormlike chain [3] while the intramolecular excluded-volume 

effects become more important for long flexible chains [4-6].  Polysilanes with Si-Si -

bonded main chain have unique UV absorption band between 300 and 350 nm in wavelength 

[7, 8].  Thus, it can be used as light induced degradable segment of amphiphilic polymer 

micelles [9, 10] to obtain hollow particles [11, 12].  This conjugation length appreciably 

depends on the internal rotation of Si-Si backbone.  From dimensional and hydrodynamic 

properties for poly(dialkylsilane)s in solution [13-23], significant correlation was found 

between the chain dimensions and UV absorption (and/or circular dichroism) [18, 24-26].   

We also recently showed that the chain stiffness increases with sharpening the UV absorption 

band [27] and it is useful to discuss the wrapping behavior of carbon nanotubes [28]. 

Meanwhile, Harrah et al. [29] and Trefonas et al. [30] firstly found that some 

poly(dialkylsilane)s have significant UV thermochromism even in solution at low 

temperatures and numerous experimental and theoretical studies have been reported [31-37]. 

Since this temperature change of the main chain conformation should be caused by 

temperature dependent interactions between side alkyl groups, chain dimensions and 

intermolecular interactions might be different below and above the transition temperature.  

Miller, Shukla, and their coworkers [14, 38] found that chain dimensions for some 

poly(dialkylsilane)s with the weight-average molar mass Mw of ~106 g mol1 are irrespective 

of temperature but significant aggregates were observed at or below the transition region by 

light and neutron scattering measurements, suggesting attractive intermolecular interactions 
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at low temperatures.  However, the unperturbed dimensional properties near the 

thermochromic temperature is still unclear because they are significantly affected by the 

temperature change of the intramolecular excluded-volume effects.  Contribution from this 

effect can be estimated in terms of the current theories [4] for perturbed wormlike chains if 

the chain length is not very long since the excluded volume effect diminishes and the 

solubility generally becomes better with lowering Mw.  Furthermore, there is a need to 

ascertain whether recently reported relationship between the UV absorption spectra and the 

chain stiffness [27] is applicable at and below the thermochromic temperature. 

We thus made small-angle X-ray scattering measurements in solution at various 

temperatures for three polysilanes having relatively low Mw, that is, poly(n-

hexylmethyl)silane (PSi-1), poly(n-decylmethyl)silane (PSi-2), and poly(n-

hexylpropyl)silane (PSi-3) of which chemical structures are shown in Fig. 1.  Both PSi-2 and 

PSi-3 have UV thermochromism in THF at −60 C and −40 C, respectively, while UV-

absorption peak for PSi-1 only gradually red-shifts and slightly sharpens with lowering 

temperature.  In this study, we chose isooctane as a solvent in which the polysilanes samples 

have much higher X-ray contrast than those in THF.  In our preliminary experiment, we have 

checked that similar temperature induced peak shifts in the UV spectra were found in 

isooctane.  The obtained temperature dependent polymer dimensions and intermolecular 

interactions were compared with the UV spectra at each temperature. 
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Fig. 1.  Chemical structures of poly(n-hexylmethyl)silane (PSi-1), poly(n-decylmethyl)silane 

(PSi-2), and poly(n-hexylpropyl)silane (PSi-3). 

 

 

2. Experimental section 

2.1. Samples and solvents 

The sodium-mediated Wultz coupling method [7, 8, 26] in refluxed toluene was utilized 

to synthesize PSi-1, PSi-2, and PSi-3 samples.  Fractional precipitation procedures were 

performed for the obtained samples with three precipitants, methanol, ethanol, and 

isopropanol, to reduce the molar mass dispersity.  We chose a PSi-1 sample, a PSi-2 sample, 

and three PSi-3 samples for this study and designated them as PSi-1-31k, PSi-2-64k, PSi-3-

84k, PSi-3-210k, and PSi-3-1200k of which numbers from 31 to 1200 indicate the weight 

average molar masses Mw in unit of 103g mol−1.  The number-average molar mass Mn and Mw 

were estimated from the size exclusion chromatography (SEC) in THF equipped with 

refractive index and viscosity detectors in terms of the universal calibration method [39-41] 

as is the case with our recent study [27].  The obtained dispersity indices (Mw/Mn) for PSi-1-

31k, PSi-2-64k, PSi-3-84k, PSi-3-210k, and PSi-3-1200k were determined to be 1.3, 1.2, 1.2, 

1.5, and 1.5, respectively.  Isooctane distilled over calcium hydride was used as a solvent for 

the following measurements. 
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2.2. UV-spectroscopy 

UV absorption spectra for PSi-1-31k, PSi-2-64k, and PSi-3-84k in isooctane from −100 

C to 25 C were evaluated by using a JASCO V-550 spectrophotometer with a UNISOKU 

CoolSpeK USP-203-CD-B cryostat.  Molar concentration of repeat unit cm was set to be from 

4  10−5 mol L−1 to 0.1 mol L−1.  A rectangular quartz cell with the path length of 10 mm and 

a demountable quartz cell with the path length of 0.01 mm were used to adjust the absorbance 

at the peak to be between 0.2 and 2. 

 

2.3. Small-angle X-ray scattering (SAXS) 

Small-angle X-ray scattering measurements were made for three relatively low Mw 

samples, PSi-1-31k, PSi-2-64k, and PSi-3-84k in isooctane at various temperatures from −94 

C to 90 C at the BL40B2 beamline in SPring-8.  Scattering intensity was evaluated as a 

function of the magnitude of scattering vector q from the circular average method.  Two 

dimensional scattering intensity data were recorded by a RIGAKU R-AXIS VII imaging plate.  

The obtained scattering intensity I(q) was normalized by the intensity of the incident light and 

transmittance of the X-ray by means of the ionization chambers installed at the upper and 

lower side of the cell.  The camera length, accumulation time, and wavelength were chosen to 

be 1.5 – 4 m, 90 – 180 sec, and 0.10 nm, respectively.  The actual camera length was 

determined by means of the Bragg reflection of silver behenate.  Solvent and four solutions 

having different polymer mass concentration c were measured in a specially designed 2 

mmcapillary cell [42] at low temperatures up to 25 C and a conventional 2 mm capillary 

cell at higher temperatures.  Solvent and solution temperatures were thermostated by means 

of an OXFORD Cryojet nitrogen jet with the flow rate of 8000 cm3min−1 and a shield flow of 

6000 cm3min−1 for the former cell and the INSTEC HCS-302 system for the latter.  The 
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excess scattering intensity I(q) at each q was determined as a difference in I(q) between 

solution and solvent in the same capillary cell.   

Ultra-small-angle X-ray scattering (USAXS) measurements were performed for the two 

high Mw samples, PSi-3-210k and PSi-3-1200k in isooctane in the temperature range from 

−76 C to 25 C at the BL19B2 beamline in SPring-8 [43].  The wavelength, the camera 

length, and the accumulation time were set to be 0.069 nm, 40 m, and 1200 sec, respectively.  

Scattered light were detected by a DECTRIS PILATUS-2M hybrid pixel detector.  The Bragg 

reflection of collagen were used to determine actual camera length.  The intensity of direct X-

ray and transmittance were determined by the same detector without the beam stopper (3 

mm).  The same cell and cryojet were used as those for the former SAXS measurements.  

Test solutions with three different concentrations ranging from 4  10−3 g cm−3 to 1  10−2 g 

cm−3 were prepared for each sample to determine I(q) / c at zero concentration as is the case 

with the SAXS measurements.  Because the scattering intensity from air was not enough 

weak, meaningful values for I(q) were only evaluated at the two lowest temperatures, −76 

C and −67 C. 

 

3. Results and discussion 

3.1.  Temperature induced conformational change in isooctane as deduced from UV 

spectroscopy. 

Local conformational change of the main chain of polysilanes reflects the absorption 

spectra of near ultraviolet region as described in Introduction.  As some examples, UV-

absorption spectra between 250 nm and 400 nm are displayed in Fig. 2.  As is the case with 

our recent research in THF [27], the peak shapes both for PSi-2 and PSi-3 drastically change 

in the intermediate temperature range whereas that for PSi-1 monotonically shifts.  It should 

be noted that an isosbestic point is found for PSi-2 in isooctane below 60 C.  Similar 
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behavior were reported for THF solution in our previous paper [27] and other 

poly(dialkylsilane)s suggesting two different conformations of the Si-Si backbone.  The 

obtained wavelength max and the molar extinction coefficient of the repeat unit max at the 

peak are plotted against temperature T in Fig. 3.  While both max and max for PSi-1 gradually 

increase with lowering temperature, the values of max for PSi-2 and PSi-3 abruptly increase 

about −60 C and −40 C, respectively.  On the contrary, max for PSi-2 has a slight minimum 

at the transition temperature, −60 C, whereas temperature dependence of PSi-3 has a rapid 

rise with lowering temperature around −50 C.  These trends are similar to those in THF as 

reported previously [27].  Filled symbols in the figure indicate the data points for solutions 

with high concentration which is substantially the same as those for SAXS measurements.  

They are fairly fitted by those for the low concentration data, indicating that intermolecular 

interactions between polymer chains do not significantly affect the main chain conformation.  

It should be noted that there are no max data for high cm solutions in the figure because of low 

reproducibility of polymer mass concentration in the thin demountable cell.   

 

 

Fig. 2.  UV-absorption spectra (the molar extinction coefficient  of the monomer unit vs the 

wavelength 0 in vacuum) for PSi-1-31k (a), PSi-2-64k (b), and PSi-3-84k (c) in isooctane at 

indicated temperatures.  Molar concentration of the repeat unit cm was set to be 4  10−5 mol 

L−1. 
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Fig. 3.  Temperature dependence of max and max for PSi-1-31k (circles), PSi-2-64k 

(triangles), and PSi-3-84k (squares) in isooctane.  Unfilled and filled symbols indicate cm = 4 

 10−5 mol L−1 and 0.1 mol L−1, respectively. 

 

3.2.  Scattering behavior of the polysilanes in isooctane over a wide temperature range. 

Fig. 4 illustrates the Zimm plots [44] from SAXS measurements for PSi-3-84k in 

isooctane at −20 C and −67 C.  While the Berry plot [45] should be more suitable to 

determine the z-average mean square radius of gyration S2z for flexible and semiflexible 

polymers, we chose this plot because of the better linearity of the experimental data.  This 

might be due to quite broad molar mass distribution, Mw / Mn = 1.2 – 1.3.  The values for c / 

I(q) at infinite dilution and at q2 = 0 are similar at the two temperatures, and furthermore, 

the [c/I(0)]c=0 data obtained for exactly the same capillary cell and sample were fairly close, 

suggesting that PSi-1-31k, PSi-2-64k, and PSi-3-84k molecularly disperse in isooctane at the 

temperature range investigated.   
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Fig. 4.  Zimm plots for PSi-3-80k in isooctane at −20 C (a) and −67 C (b), respectively.  

Unfilled and filled circles indicate the experimental data and the extrapolated values to zero 

concentration or zero scattering vector, respectively.  Broken lines denote the initial slope to 

determine S2z. 

 

The obtained S2z1/2 values for PSi-1-31k, PSi-2-64k, and PSi-3-84k are plotted against 

temperature in Fig. 5.  The particle scattering functions at the higher q range were not further 

analyzed because of less repeatability.  This is probably due to the less scattering intensity 

than those for our previously investigated polystyrene [42].  In the low temperature range 

including the thermochromic region, S2z1/2 for PSi-2-64k and PSi-3-84k slightly increases 

with lowering temperature while those for PSi-1-31k almost independent of temperature, 

suggesting there are no significant change in the global conformation of the investigated 

polysilanes.  Conversely, plots of c/I(0) vs c at the two temperatures have opposite slopes as 

shown in Fig. 4.  The second virial coefficient A2 can be estimated from the slope [c/I(0)] / 

c and the intercept [c/I(0)]c=0 by  
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 (1) 

where Mw evaluated from the SEC measurements with the universal calibration method (see 

Experimental section) was used.  Fig. 6 plots the obtained A2 data against temperature for the 

three polysilanes samples.  PSi-1 has positive A2 at all temperatures investigated.  The A2 data 

for PSi-2 and PSi-3 are also almost independent of temperature above −50 C but rapidly 

decrease with lowering temperature and negative A2 are observed, suggesting both PSi-2 and 

PSi-3 in isooctane have theta temperatures, at which A2 for polymer samples having 

sufficiently high molar mass vanishes.  Interestingly, these theta temperatures seem to be 

close but somewhat lower than the thermochromic temperature shown in Fig. 3.  The 

appreciably lower transition temperature of A2 is likely because A2 is caused not only by the 

interaction between alkyl side groups covering the polysilane main chain but also by the 

chain thickness of the polysilane while the latter effect should be negligible for the 

thermochromic behavior.  Consequently, the temperature induced local conformational 

change is mainly caused by the interactions between the side chains, and furthermore this 

change also makes the intermolecular interactions between poly(dialkylsilane)s attractive 

while those for the global conformation do not appreciably change. 
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Fig. 5.  Temperature dependence of the radius of gyration S2z1/2 for PSi-1-31k (circles), PSi-

2-64k (triangles), and PSi-3-84k (squares) in isooctane. 

 

 

Fig. 6.  Temperature dependence of the second virial coefficient A2 for PSi-1-31k (circles), 

PSi-2-64k (triangles), and PSi-3-84k (squares) in isooctane.  
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3.3.  Correlation among local conformation, chain dimensions, and intermolecular 

interactions. 

According to our previous research for poly(dialkylsilane)s [27], molar extinction 

coefficient  and the persistence length have a good correlation.  If we now use the Kuhn 

segment length −1 for the chain stiffness, the relationship (eq 1 in ref [27]) can be written as 

  0.8131 1
max2000 0.0432 

    (2) 

for poly(dialkylsilane)s at the temperatures from −27 C to 45 C.  The −1 value calculated 

from eq 2 with the corresponding max data reproduces the experimentally determined −1 

within  40% (average accuracy is  20%) for −1 < 20 nm.  The radius of gyration for the 

unperturbed wormlike chain S20 is related to −1 in terms of the Benoit-Doty equation [46] 

as 

 2
2 3 4 20

1 1 1
1 exp 2

6 4 4 8

L
S L

L L


   
         (3) 

where the contour length L is proportional to the molar mass of the polymer by 

w

0

M h
L

M
  (4) 

with h and M0 being the contour length per residue and the molar mass of the monomer unit, 

respectively.  The former parameter h for four poly(dialkylsilane)s are reported to be 0.20 nm 

[20-23].  If we assume this value for the current polysilanes, S20 can be calculated from  

without fitting parameters.  The resultant S201/2 are plotted as dashed lines and small unfilled 

symbols against temperature along with the experimentally determined S2z1/2 in Fig. 7.  

Even at high temperatures, experimental S2z1/2 are at most 35% larger than the calculated 
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value.  This is most likely due to the intramolecular excluded-volume effects as well as quite 

broad molar mass distribution.  The radius of gyration S2 taking the former effect into 

account may be written as 

2 2 2
s 0

S S  (5) 

The gyration-radius expansion factor s may be given in the quasi-two-parameter (QTP) 

scheme [4, 47-49] by the Domb-Barrett equation [50], 

 
2 15

2 2 3 2 3 2
s

70 10
1 10 8 0.933 0.067 exp 0.85 1.39

9 3
z z z z z

                  
      (6) 

The intramolecular scaled excluded-volume parameter z  is related to the conventional 

excluded volume parameter z by 

 3

4
z K L z  (7) 

with 

  
2 3

1 23

2
z B L 


   
 

 (8) 

Here, K(L) is a known increasing function of L and the value for the current systems 

ranges in 0.16 and 0.90 for L = 2.85 and 34.1, respectively.  Consequently, unknown 

parameter is only the excluded-volume strength B. 

In this study, the parameter B was estimated from A2 in terms of the Yamakawa theory [4, 

51].  When the chain end effects on A2 is negligible, A2 may be written with the Avogadro 

number NA, and the molar mass M as 
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2
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A z z
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    (9) 

and 

 
3
s

ˆ
2.865

Q L
z z




  (10) 

where Q(L) is a known function of L and ranges from 1.7 to 2.4 for the current L values 

for our polysilanes samples.  The excluded-volume strength B at 25 C was estimated to be 

1.0 nm, 3.4 nm, 0.74 nm for PSi-1-31k, PSi-2-64k, and PSi-3-84k, respectively.  They were 

used to calculate S2 while the B values were somewhat smaller or larger than those 

evaluated from the intrinsic viscosity [27].  Assuming eq 2 is applicable for all temperature 

range, S2 may be calculated as a function of temperature only from experimentally 

determined max and A2 from eqs 3 – 10 except for negative A2 range since the QTP theory is 

only valid for zero or positive z.  It should be noted that A2 at each temperature was estimated 

by using an interpolation method.  The evaluated S2 are plotted as solid curves with filled 

small symbols in Fig. 7.  At the lowest temperature for PSi-2-64k and the two lowest 

temperatures for PSi-3-84k, S2 are not calculated because of negative A2.  While the 

calculated S2 are fairly close to the experimental data above the thermochromic temperature, 

the S2 data from SAXS below the temperature are significantly larger (PSi-2-64k) or 

smaller (PSi-3-84k) than the calculated values.  This indicates that the dimensional properties 

for the current poly(dialkylsilane)s cannot be determined only from the universal relationship 

between UV absorption and the chain stiffness constructed from the data above the 

thermochromic temperature.  According to Sato et al. [24, 25], the chain stiffness determined 

from the global conformation reflects helix reversals from their investigation for 

poly(dialkylsilane)s bearing chiral side groups because the helix reversals may behave as 
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‘kink’.  However, it is infeasible to estimate frequency of helix reversals or the helix 

persistence length because the current polysilanes samples are achiral.  Therefore, if optically 

active polysilanes having thermochromic behavior in solution were found, this discrepancy 

might be elucidated.   In any case, if high max for PSi-3 at low temperatures indicates high 

chain stiffness, helix reversals (kinks) should increase with lowering temperature to take into 

account the temperature irrespective <S2>z.  Thus, long rodlike part may not exist for the 

current polysilane chains in solution even below the thermochromic temperature. 

 

 

Fig. 7.  Comparison between experimental (large circles) and calculated (small circles) radius 

of gyration for PSi-1-31k (circles), PSi-2-64k (triangles), and PSi-3-84k (squares).  Small 

filled and unfilled circles denote the calculated values with or without the intramolecular 

excluded volume effects by means of the QTP theory. 
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3.3.  Aggregation behavior of high molar mass PSi-3 samples. 

According to the conventional Flory-Huggins theory [52], phase separation temperature 

for the polymer-solvent system having upper critical solution temperature significantly raises 

and approaches the theta temperature with increasing molar mass of the polymer.  Thus, 

phase separation behavior or aggregation behavior may be observable for higher molar mass 

polysilane samples at low temperature.  Since concentration dependence of the normalized 

scattering intensities I(q)/c determined for PSi-3-210k and PSi-3-1200k are mostly 

independent of polymer mass concentration, the extrapolated values [I(q)/c]c=0 to infinite 

dilution are plotted against q2 in Fig. 8.  Significant scattering intensity were only found at 

−67 C and −76 C.  Those are below the theta temperature estimated for PSi-3-84k, clearly 

indicating the formation of aggregation.  Similar behavior were found for the other high 

molar mass poly(dialkylsilane)s [14, 38].  Since the appropriate Guinier ranges are not 

available for the data, we compared the data with the particle scattering function of rigid 

spheres which is written as 

    2

3 3

3 sin cosRq Rq Rq
P q

R q

 
  
 

 (11) 

While the theoretical values calculated by eq 11 have fluctuate even at high q range, log-

normal distribution for the radius R of the sphere was applied to calculate the z-average 

particle scattering function Pz(q).  The solid curves are the calculated theoretical values of 

Pz(q) for the median radius of the sphere are 500 – 600 nm and the ratios of weight-average 

to number-average radii were 1.5 – 2.0, suggesting submicron sized large number of 

aggregates exist in the PSi-3-210k and PSi-3-1200k solutions at low temperatures.  This 

result strongly supports the temperature induced change of intermolecular interactions for the 

poly(dialkylsilane)s having thermochromic behavior. 
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Fig. 8.  Angular dependence of the excess scattering intensity [I(q)/c]c=0 for PSi-3-1200k 

and PSi-3-210k in isooctane at −76 C (unfilled circles), −67 C (filled circles), −49 C 

(unfilled triangles), 0 C (filled triangles), and 25 C (squares).  Solid curves indicate the 

theoretical values for size-distributed spheres (see text). 

 

4. Conclusions 

We successfully determined radius of gyration for three low-molar mass 

poly(dialkylsilane)s with or without UV thermochromism in the investigated temperature 

range from −94 C to 90 C.  The obtained chain dimensions are mostly irrespective of 

temperature and they are well explained by the previous relationship between the chain 

stiffness and the UV-absorption above the thermochromic temperature while appreciable 

difference was observed for PSi-2 and PSi-3 at lower temperatures, suggesting the limitation 

of the relationship.  Furthermore, the coil to rod conformational transition induced by 

temperature were not observed in the dimensional properties even though we investigated 

low molar mass samples of which intramolecular attractive and/or repulsive interactions may 

not cause significantly the chain dimensions.  Conversely, negative second virial coefficients 
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for low Mw PSi-2 and PSi-3 samples and aggregation behavior for high Mw PSi-3 samples 

were observed at lower temperatures.  It follows from these that intermolecular interactions 

may significantly change for other polysilanes having thermochromism in solution. 
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