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ABSTRACT

Poly(4-n-alkylstyrene)s with 6 kinds of n-alkyl gnos such as methyl, ethyl, propyl,
butyl, hexyl and octyl groups covering wide moleculveight range from around 5k to over
100k were precisely synthesized by living anionitymerizations. It was confirmed that all
the polymers obtained have narrow molecular weiligttibution, i.e.Mw/Mn is all less than
1.1, by SECTgs of all the polymers were estimated by DSC measeinés and it turned out
to be clear that their molecular weight dependenas well described by the Fox-Flory
equations. Furthermore, it is evident thigtmonotonically decreases as a number of carbon
atoms of n-alkyl group is increased, thoulghvalues are all 20 K or more higher than those
reported previously for the same polymer seriess Ehbecause backbone mobility increases
by introducing longer n-alkyl side groups with higtobility, while Ty difference in between
this work and the previous one may due to the exmartal conditions and also to the

molecular weight range adopted.



INTRODUCTION

Various physical properties of polymers are knowrbé effected by the structures of
monomeric units. Physical properties such as gtesssition temperature]g, plateau
modulus,Gn°, entanglement molecular weigMe, and packing lengttp, are very important
fundamentals to determine their viscoelasticitiewl dhey are kept studying by many
researchefd. In this paper, we focused diy by investigating the influence of side chain
lengths of polystyrene derivatives.

Nowadays it is well-recognized that glass “trawsitiis not a thermodynamic phase
transition, but a kinetic and relaxation phenoni¢hdror instanceTy depends strongly on
measurement technique, a temperature changingir(beat cooling) rate and molecular
weight, which is generally described by the FoxrFlequation®.

As one category of research @y there are several studies with a focus on n-alkyl
chain length of side group in a monomeric unit, hsuas poly(4-n-alkylstyrenefst3
poly(n-alkylmethacrylate}é2> and poly(n-alkylacrylatef& These systematic studies have
revealed thaly of a series of these systematic polymers decrgdlsencrease in the number
of carbon for n-alkyl side group. These results banunderstood as an enhancement of
segment mobility with increasing the number of sitlain carbon atoms.

Although  there are many reports on physical progert of
poly(n-alkylmethacrylate§&2° there are few studies on those of poly(4-n-atigyéne)s013
Among them Tgs of poly(4-n-alkylstyrene)s with a number of nydlkarbon atoms from 2 to
18 as a side group was reported by Overberger. éh d953° while Chapin et al. also
investigatedTgs of poly(4-ethylstyrene) and poly(4-n-butylstyrgrie 19621, Comparing
their results, it turned oufy values reported by Chapin are remarkably highan those by
Overberger. In recent yearks of poly(4-n-alkylstyrene)s with highly stereoréayity were
reported. Nakatani et al. revealed polymers syitbdausing TiG-TEA catalyst were highly

isotactid?, while Quirk et al. reported polymers obtained hwitvie sCpTi(OMeR/MAQO
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catalyst were highly syndiotactf the Ty values evaluated in both experiments were higher
than those of Overberger. Nakatani et al. and Qatied. concluded that these differencdgn

of poly(4-n-alkylstyrene)s was due to the differenic tacticity of polymersTgs reported in
these articles, however, were close to the regilt€hapin et al., whose polymers were
synthesized with no catalyst, and hence no regaleticity is included in the samples.
Furthermore it may be conceived that the molecwaights of the samples used in
Overberger’s work is different from others, thoutjere were no data regarding molecular
weight and polydispersity in their study. When aligcuss the molecular weight dependence
of Ty of polymers, it is quite important and essentalise well-defined polymers concerning
molecular weights and polydispersity to reach definonclusion.

Along this line we synthesized a series of moddy(den-alkylstyrene)s having low
polydispersity up to higher molecular weight byiriy anionic polymerizations in this work.
More than 4 samples were prepared for one m sevies,e m denotes the number of carbon
atoms in side chains, to clarify the molecular weigependence ofy. Then we also
compared the present data with the previous orfes.ndvelty of our work is synthesizing a
series of poly(4-substituted styrene)s with narrgwlydispersity and covering wide
molecular weight range to investigate the effe¢tthe number of substituent carbon atoms

on theirTgs.



EXPERIMENTAL SECTION
Mateials

4-bromostyrene was purchased from Apollo Scientifit. and purified with vacuum
distillation before using. Bromoethane, 1-bromopmg 1-bromobutane, 1-bromohexane,
4-methylstyrene, 4-n-octylstyrene and-QuCk were purchased from Tokyo Chemical
Industry Co., Ltd., while Magnesium was suppliednir Kanto Chemical Co., Inc.
4-ethylstyrene, 4-n-propylstyrene, 4-n-butylstyresmed 4-n-hexylstyrene monomers were
synthesized by Grignard coupling reactions, thaitiebf synthetic procedures are described
below.

THF used for the polymerization of all monomers vdistilled under vacuum over
anthracene sodium, and then purified by distillatioom a solution ofa-methyl styrene

tetramer disodium salt.

Syntheses of Monomers

4-ethylstyrene monomer was synthesized by th€uChk-mediated coupling reaction
of the Grignard reagent of 4-bromostyrene with bwethané’. To an ice-cooled THF
solution containing bromoethane and2QuCl, the Grignard reagent prepared from
4-bromostyrene and magnesium was added dropwisaedy @ period of 30 minutes. The
resulting reaction mixture was stirred for two daysl was then acidified with HCI. Water
layer was extracted with diethyl ether. Organicelawas washed with brine and dried over
MgSQ.. After evaporation, the solution was purified withcuum distillation and colorless
liguid was obtained. NMR spectra were shown in Fegal.*H NMR (CDCk) § 7.34 (d, 2H,
J=8.0 Hz), 7.16 (d, 2H] = 8.0 Hz), 6.70 (dd, 1H] = 10.9, 17.6 Hz), 5.71 (d, 1H,= 17.6
Hz), 5.19 (d, 1H,J = 10.9 Hz), 2.63 (g, 2H] = 7.6 Hz), 1.23 (t, 3HJ = 7.6 Hz)}*C NMR

(CDCl) 6 144.2, 137.1, 135.5, 128.3, 126.6, 113.0, 29.®.15



4-n-propylstyrene, 4-n-butylstyrene and 4-n-hexyytste monomers were synthesized
by similar methods as described above for 4-etyygae monomer. NMR spectra were
shown in Figures S2-S4.

4-n-propylstyrene’H NMR (CDCk) § 7.33 (d, 2HJ = 8.0 Hz), 7.14 (d, 2H] = 8.0
Hz), 6.72 (dd, 1HJ = 10.8, 17.6 Hz), 5.71 (d, 1H,= 17.6 Hz), 5.19 (d, 1H] = 10.9 Hz),
2.57 (t, 2H,J = 7.5 Hz), 1.63 (m, 2H), 0.95 (t, 3d,= 7.4 Hz)13C NMR (CDCk) & 142.5,
136.8, 135.2, 128.7, 126.2, 112.8, 37.9, 24.6,.13.9

4-n-butylstyrenetH NMR (CDCh) § 7.33 (d, 2H,) = 8.1 Hz), 7.14 (d, 2H] = 8.1 Hz),
6.72 (dd, 1HJ = 10.9, 17.6 Hz), 5.71 (d, 1K= 17.6 Hz), 5.19 (d, 1H] = 10.9 Hz), 2.61 (t,
2H, J = 12.6 Hz), 1.58 (m, 2H) , 1.34 (m, 2H), 0.933(t], J = 7.3 Hz)13C NMR (CDCh) 5
142.7, 136.8, 135.1, 128.6, 126.2, 112.8, 35.4,32.4, 14.0.

4-n-hexylstyreneH NMR (CDCh) § 7.31 (d, 2HJ) = 6.2 Hz), 7.13 (d, 2H] = 6.4 Hz),
6.69 (dd, 1H,J = 10.9, 17.5 Hz), 5.71 (d, 1K= 17.6 Hz), 5.19 (d, 1H] = 10.9 Hz), 2.58 (t,
2H, J = 7.1 Hz), 1.60 (m, 2H,), 1.30 (m, 6H), 0.88 (1,3 = 4.4 Hz)13C NMR (CDCb) 5

142.8, 136.9, 135.2, 128.6, 126.2, 112.8, 35.8,31.5, 29.1, 22.7, 14.1.

Polymerizations

All operations were carried out in sealed glassaggipses with break-seals under a
pressure of 1x1® Pa or lower. All the monomers were dried over icalchydride under
reduced pressure and purified with n-octylbenzophersodium and then were polymerized
by living anionic polymerizations using sec-BuLi as initiator in THF at -78 °C. The
polymers obtained were purified by precipitatioanfr THF solutions into excess amount of
methanol. Poly(4-methylstyrene), poly(4-ethylstygen poly(4-n-propylstyrene) and
poly(4-n-butylstyrene) were obtained as white solidnd poly(4-n-hexylstyrene) and
poly(4-n-octylstyrene) were obtained as colorlégsidls. All samples are coded as PCmSt_X,

where m denotes the number of carbon atoms in yi-aide group and X does molecular
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weight in the unit of kg/mol.

Molecular Characterization

The weight-average molecular weightlw, was determined by multi-angle light
scattering (MALS) with a Dawn-EOS multi-angle ladgght scattering apparatus (Wyatt
Technology Co.) in THF, which is a good solvent &dt the polymers, at 35 °C. The
refractive index increment, dn/dc, of the polymar$90 nm in THF were estimated at 35 °C
using Optilab DSP differential refractometer (Wydtchnology Co.). The dn/dc values
evaluated for PC1St, PC2St, PC3St, PC4St, PC6StP@&8bt were 0.179, 0.169, 0.160,
0.158, 0.145 and 0.134, respectively. Polydispeisileces w/Mn) of the polymers were
determined by size exclusion chromatography, SEhgua set of three polystyrene gel
columns, G5000kk of Tosoh Co. or two silica gel columns, KW803 or RWM of Shodex
Co. Appropriate columns and polystyrene standat@9Qk, 427k, 96.4k, 37.9k, 9.1k, 5.4k)
were utilized in accordance with molecular weighpolymers. THF was used for an eluent
at 40 °C and a flow rate was 1 ml/mi and*C NMR measurements also supported the

successful production of these polymers as shovigiares S5-S10.

DSC M easurement.

For all theTg measurements, differential scanning calorimetr@@p with a Q2000
calorimeter of TA Instruments inc. was used. Sedueating data at a temperature rising rate
of 10 K/min was utilized to determink for all the poly(4-n-alkylstyrene) samplek, was
evaluated as center temperatures between two poists of tangent of inflexion point and
two baselines as shown in the inset of Figure 2nVestigate heating rate dependencdgn
for the highest molecular weight samples, tempegalieating rates of 5 and 2 K/min were
also applied. To compare the present results wiih previous ones under similar

experimental condition, the measurements of a teatype cooling rate of 2 K/min were also
8



carried out.



RESULTSAND DISCUSSION
Molecular Characteristics

Molecular characteristics of the polymers obtaimexte summarized in Table 1. The
number-average molecular weigMy, was calculated biw divided by Mw/Mn. The SEC
chromatograms of the highest molecular weight sampleach poly(4-n-alkylstyrene) were
picked up and shown in Figure 1, while those of dkieer samples were shown in Figures
S11-S16. At least 4 samples with different molecculaight covering wide molecular weight
range were synthesized for all poly(4-n-alkylst@glmn It was confirmed that the degree of
polymerization, DP, which was derived frdvin, of the highest molecular weight polymer in
each poly(4-n-alkylstyrene) is larger than 700, aldhe polymers have reasonably narrow

molecular weight distributioiMiw/Mn < 1.1, as shown in Table 1.

TABLE 1 Molecular characteristics of all the polymers.

polymer 103Mn 10°Mw DP Mw/Mn Tg/ K
PC1St_6 6.3 6.4 53 1.01 370.0
PC1St 8 7.7 7.8 66 1.01 373.0
PC1St 14 13.8 14.2 117 1.03 379.1
PC1St 28 27.1 27.6 230 1.02 382.9
PC1St 43 41.3 42.5 350 1.03 384.3
PC1St 107 105 107 890 1.02 385.7
PC1St_177 170 177 1440 1.04 386.2
PC1St_26¢ 250 265 2100 1.06 385.7
PC1St_40¢ 385 408 3260 1.06 386.3
pcasta 42 a2 2 101 w1
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PC2St_10 9.8 10.0 75 1.02 348.1

PC2St_15 14.9 15.0 110 1.01 352.5
PC2St_24 22.3 23.6 170 1.06 354.9
PC2St_58 57.0 58.1 470 1.02 358.6
PC2St_63 62.1 62.7 430 1.01 358.1
PC2St_36z 351 362 2660 1.03 359.4

pcasta  ss 39 % 102 3023
PC3St_10 0.8 10.0 67 1.02 318.5
PC3St_18 17.3 17.5 120 1.01 324.4
PC3St_36 35.2 35.9 240 1.02 326.9
PC3St_22: 211 222 1440 1.05 330.1

pcasts 81 83 50 103 2003
PC4St_25 24.6 24.8 150 1.01 298.6
PC4St_36 36.0 36.4 220 1.01 299.8
PC4St_49 48.1 49.1 300 1.02 301.1
PC4St_54 52.9 54.0 330 1.02 306.6
PCA4St_46¢ 442 464 2760 1.05 304.9

pcesta  ss 39 0 104 2498
PC6St_15 14.8 15.1 79 1.02 263.7
PC6St_63 60.6 63.0 320 1.04 268.4
PC6St_14C 135 140 710 1.04 268.5

pcssts sz 32 5 101 2285

PC8St_12 11.6 11.7 54 1.01 242.9



PC8St_49 48.4 49.4 220 1.02 248.6
PC8St_12¢ 125 129 580 1.03 250.1

PC8St_717 676 717 3130 1.06 252.6

(a)
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FIGURE 1 SEC chromatograms of the highest molecular wesghtples; (a) PC1St_408,

(b) PC2St_362, (c) PC3St_222, (d) PC4St_464, (§SPCL40 and (f) PC8St_717.

Glass Transition Temperatures
Table 1 also lists th&gs of all polymers. DSC curves used for the deteation of Tg

of the polymers were shown in Figure 2 and in Fegu817-S22. The heating rate dependence
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of Tgs of the highest molecular weight samples were shaviFigure S23. Figure 3 shows the
molecular weight dependence of the glass transititemperatures for all
poly(4-n-alkylstyrene)s. It is obvious that tiigs of a series of polymers increase as the
molecular weight and finally they reach asymptatidues at high molecular weight. The
similar molecular weight dependence was also reporfor polystyrene (PS) and
poly(dimethyl siloxane) and others in literatdfe€’=! It is well-established that the
molecular weight dependence ©f can be described by the following empirical Fom#kl

equatiori®

where thely« is theTg at infinitely high molecular weight arid is polymer-specific constant.
Glass transition temperatures for a series of petgnwere described by the Fox-Flory
equations well as shown in Figure 3 (solid liné®)is equation is known to be applicable
only for high molecular weight samples, but not tbe molecules with low molecular
weights ® 27 32 therefor the Ueberreiter-Kaing equation was uhiced? 32 Table 2
summarizes thelg values of the highest molecular weight samplesettogy with the
Fox-Flory fitting parametersTg» and K. K values of all poly(4-n-alkylstyrene)s were
estimated to be approximately in the order of 10Rg<mol?,indicating that the molecular
weight dependence df for these polymers is similar. To discuss the ersgality of Tgs for
the present samples, Figure 4 shows a degree ¢fmpdkation dependence of the
normalized glass transition temperatuig g, for all polymers together with the data for PS
(Tgs of PS were shown in Figure S24). Interestindlythee data are on a pseudo universal
curve suggesting that the molecular weight depetelefiTgs can be determined by the basic

chemical architecture of monomer, i.e., styrendg@present case.
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FIGURE 2 DSC curves of PC1St_408 (black), PC2St_362 (fe@BSt_222 (blue),

PC4St_464 (yellow), PC6St_140 (green) and PC8St(purple). Arrows denote glass

transition temperatures. The inset shows how terdehe aTly.
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FIGURE 3 Molecular weight dependenceTfs of all the polymer samples; (a) PC1St, (b)

PC2St, (c) PC3St, (d) PC4St, () PC6St and (f) RC8S

TABLE 2 Tgs of the highest molecular weight samples andhftparameter3g. andK in

the Fox-Flory equations.

polymer Tg/K Toel K K/ K kg mol?
PC1St 400 386.3 386.8 105
PC2St_36. 359.4 360.0 113
PC3St 22 330.1 329.3 109
PC4St_46. 304.9 305.0 122
PC6St_141 268.5 269.1 74
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PC8St_71 252.6 250.7 72
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FIGURE 4 Relationship between degree of polymerizationtaechormalized temperatures,
To/Ty, for all the polymers; PC1St (black filled cirgl®C2St (red filled circle), PC3St (blue
filled circle), PC4St (yellow filled circle), PC6%green filled circle), PC8St (purple filled

circle), PS (pink filled square).

Tgs of the highest molecular weight samplegere compared in Figure 5, where the
data for PS, 377 K, was also plotted here. Tholigbf PC1St, 386 K, is higher than that of
PS, Tgs of the other all polystyrene derivatives are entty lower than that of PS and they
are decreasing monotonically with increase in a lmemof carbon atoms on n-alkyl side
group within the scope of our experiment. Thesaltesre qualitatively similar to the results
of Overberger et al? and poly(n-alkylmethacrylateé)fs This is because backbone mobility
becomes high by introducing n-alkyl groups with tigobilities on para site, i.e., the
segment mobility increases by this chemical stmattonodification. Along this line, the fact

that Tg of PC1St is higher than that of PS is an excepfltrere must be a reason for this, it
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could be due to segment mobility, i.e., it is leskected by small methyl group, it rather

contribute to rigid backbone bulkiness instead simgply increase the monomer mass.

400
o ® This work
. @® Previous work
©
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o
X
= 300 ° .
®
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[ J
| | 1 ! | M

0 2 4 6 8
Number of C for alkyl group

FIGURE 5 Ty variation dependent on the number of n-alkyl caratmm for the present
work (red filled circle) in comparison with the daeported in the previous work (black

filled circle)®.

Here, we compared the results evaluated in thiskwath those obtained in the
previous repoff. It is obvious thalgs evaluated in this work are much higher than tradse
the previous report. There exists 60 K difference PC2St and also approximately 25 K
difference for PC4St, PC6St and PC8St in betweeneixperiments.

Two major reasons can be conceived to explain iffierehce inTy. The first one is
consisted of the experimental conditions, the séare could be the difference in molecular
weight range.

Firstly experimental conditions should be consider&lass transition is a kinetic

phenomenon, so thalg depends crucially on experimental techniques apemimed by
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heating and cooling rat€. In this work, theTsswere determined by DSC measurements at a
temperature heating rate of 10 K/min, while Ovegeeret al. obtained th&gs by the
refractometric method at a temperature cooling oataround 2 K/min. This difference can
give large effect oy values, then we evaluatégs at a cooling rate of 2 K/min, which is the
same rate as the one adopted in the previous'varke results are also listed in Table 3.
Though some drops in several degrees can be resagrihere left large difference in spite
of adopting the same temperature cooling raterdstmgly, howeverJTgy values reported in
the literature (Ref. #10) were approximately agrith the temperatures at crossing points of
the endotherm heat drop and baselines on the D®e&<w@s shown in Figure S25 at a
cooling rate of 2 K/min.Ty values evaluated by the refractometric method mMmiogn
corresponded with not the medium points as adopteithis work but the heat drop end

points.

TABLE 3 Glass transition temperatures of the highest nutdeaveight polymer samples
measured by different conditions.

polymer Tg/K?  Tgok/KP  Tgpre/ K€

PC1St_ 400 386.3 n.d. n.d.
PC2St_36. 359.4 353.2 300
PC3St_22. 330.1 326.0 n.d.
PCA4St_46. 304.9 298.7 279
PC6St_14' 268.5 260.5 246
PC8St_71 252.6 244.1 228

3Ty at a temperature heating rate of 10 K/min deteghioy DSCP Ty at a cooling rate

of 2 K/min determined by DSCTy at a cooling rate of around 2 K/min determinedthy
18



refractometric method in the previous wtrk

Second reason is due to molecular weight rangarasidcular weight distribution. All
the polymers used in this report were synthesizetiving anionic polymerizations, so that
they are all guaranteed to have high molecular kte@gnd narrow polydispersity. On the
other hand, there was no information about moleculeight and polydispersity for all
samples in the previous repbrfaking the molecular weight dependencdgsfexpressed by
the Fox-Flory equations as shown in Figure 3 intcoant, it is conceivable that the
molecular weights of some samples used in the puewivork are fairly low.

Finaly we also discuss the achievements reportederother previous works '3 As
mentioned in the introduction section, their sammphlave high isotactic or syndiotactic
moieties, while all the samples adopted in this kwbave no tacticity since they were
synthesized with no catalyst such as Ziegler-N&taertheless, the preseny values were
approximately similar to those of the previous vedtk3 It has been reported that the
tacticity has influence omgs of poly@-methylstyrene) and poly(methylmethacrylate), it n
on those of PS and polymethylacryfatéVe considered thaligs of poly(4-n-alkylstyrene)s
were also independent of its tacticity. We are icihg the studies on the solution properties

and viscoelasticity of the present polymers, esiggpacking length will be focused soon.
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CONCLUSION

A series of poly(4-n-alkylstyrene)s with differenumber of carbon atoms in n-alkyl side
groups, methyl, ethyl, propyl, butyl, hexyl andydajroups, were precisely synthesized via
living anionic polymerizations covering wide molémuweight rangeMw andMw/Mn of all
samples were determined by MALS and SEC, respégtiaad theirMw/Mn were confirmed
to be all lower than 1.1Tgs were estimated by DSC measurements, their maleawdight
dependence was confirmed to be well described éytx-Flory empirical equations. It has
been found thafy decreases with increasing the number of carbomsato n-alkyl side
chain. This tendency was qualitatively in good agrent with the previous reports for
n-alkyl-substituted polymerdgs evaluated in this work, however, are 20 K or niuigher
than those reported in the previous work. Thisrdgancy is due to the difference in the

molecular weight range of samples and also in éxgartal conditions adopted in two works.
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GRAPHICAL ABSTRACT

Satoru Matsushima, Atsushi Takano, Yoshiaki Takhha&sishu Matsushita

Precise Synthesis of a Series of Poly(4-n-alkylstyrene)s and Their Glass Transition

Temperatures

Poly(4-n-alkylstyrene)s with 6 kinds of n-alkyl gnos such as methyl, ethyl, propyl, butyl,
hexyl and octyl groups covering wide molecular weigange from around 5k to over 100k
were precisely synthesized by living anionic polyiretions. The molecular weight
dependence dfgs of all the series was expressed by the Fox-Fquations and they were

found to be decreased with n-alkyl carbon atomsida chains.
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