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Novel poly[S-alkylcarbamate]s were prepared by polyaddition of oligo
[2,5-bis(thiomethyl)-1,4-dithiane] (oligo[BMMD]) with isocyanate for optical polymers
having high refractive indices (np) and Abbe’s numbers (vp). Oxidation of
2,5-bis(mercaptomethyl)-1,4-dithiane (BMMD) with ferric chloride or methylsulfoxide gave
oligo[BMMD] in a mixture of n-mers (typically n=1-6) by disulfide-forming propagation.
The use of the former oxidant giving mainly BMMD dimer appeared to be preferable

for the subsequent preparation of transparent poly[S-alkylcarbamate]. With
1,3-bis(isocyanatomethyl)cyclohexane, 1,6-diisocyanatohexane, or
1,3,b-tris(isocyanatomethyl)cyclohexane, np : vp values of poly[S-alkylcarbamate]s ranging
from 1.609:38.0 to 1.659:35.6 were comparable to those of flint glasses.
Copoly[S-alkylcarbamatels were prepared using 2-mercaptoethylsulfide or
2-mercaptoethylether for modification of np and vp. Contribution of the disulfide bond and
the 1,4-dithiane ring in oligo[BMMD] to increase np is discussed in terms of molar
refraction. Suppressed UV absorption of the polymer, which caused high vp, was attributed
to the trans-gauche-trans conformation around the disulfide bond. This work shows that
oligo[BMMD] serves as a useful material for the preparation of polymers having high np
and high vp and that poly[S-alkylcarbamatels thus obtained are promising optical
materials. © 1999 Kluwer Academic Publishers

1. Introduction When a polymer and an inorganic glass of almost the
Organic polymer materials have been widely used foisamevp are compared, the former usually has a lower
optical applications as substitutes for inorganic glasses)p than the latter [4, 5]. This has prevented the use
while taking advantage of their relative ease of pro-of many polymers for critical optical applications and
cessing, betterimpact resistance, and lightness[1, 2]. Ipreference has been given to hig inorganic glasses
practice, polymethylmethacrylate, CR-39, and polycar{1, 2, 4]. This work aims at the synthesis of a polymer
bonates have been used as conventional optical polym@ossessingp andvp that are comparable to or higher
materials [3]. Optical materials are usually characterthan those of inorganic glasses.

ized by such properties as transparency, refractive in- Organic-based polymers with an improveg have
dex (p), and Abbe’s numbeng). The latter describes appeared in the literature, but some of their val-
optical dispersion given byp = (np —1)/(ng —nc),  ues actually degraded or were simply not discussed
wherenp, ng, andnc are the refractive indices of [2, 6—15]. Polyelectrolytes that are composed of spe-
the material at the wavelengths of the sodium Dcific organic polymer chains and inorganic moieties
line (589.3nm), the hydrogen F (486.1nm) and Cshowed remarkably higimp and vp values due to
(656.3 nm) lines, respectively [1]. They, andvp of  the presence of the heavier latter components [16].
polymers and inorganic glasses are generally related®olymers incorporating such structures as aromatic
the higher thep, the lower thevp, and vice versa[1, 4]. groups [17], halogenated aromatic groups [18], and
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alicyclic condensed rings [19] only showed mod-used in the NMR measurement. IR spectra were
erate np and vp. Sulfur-containing polymers hav- recorded on a NICOLET 20 SXB. Raman spectra
ing such groups as sulfides [20], S-alkyl esterswere recorded on a JASCO NR-1000 Laser Raman
[21], and S-alkylcarbamates [22] successfully im-spectrophotometer with an Ar-ion laser (514.5nm).
proved np and vp. For the preparation of the lat- Gas chromatographmass spectra were recorded on
ter polymers, which recently emerged as one of thea JEOL JMS-DX303 (column: 2% silicone SE-30,
most useful optical polymers, many thiols such asChromosorb W, 1 m-length, He flow rate: 40 ml min
pentaerythritoltetrakis(mercaptopropionate) [23], 1,2-injection temperature: 28@, column temperature:
bis(2-mercaptoethylthio)-3-mercaptopropane [24] 0r70-280°C (16°Cmin~1)) at an ionization energy
2,5-bis(mercaptomethyl)-1,4-dithiane (BMMD) [25] of 70 eV. The molecular weight distributions were
were synthesized and applied. In a molecular desigobserved by gel permeation chromatography (GPC) on
of a highnp polymer, the Lorentz—Lorenz equation a TOSOH GPC system (column: TSKgel G2000HXL
predicts that thenp of a polymer should increase for the oligo[BMMD] or G4000HXL for the polymers,
with increasing sulfur content in a reduced molar vol-detector: UV at 254 nm, eluent: tetrahydrofuran
ume [26]. A disulfide—comprising polymer is easily (1 mlmin~t). Average molecular weights of poly-
designed based on this prediction, and, in fact, sucimers were determined on the basis of a standard
polymers were synthesized for optical uses [27—30]polystyrene calibration. The thermomechanical
However,vp values of these polymers were rather de-property was analyzed using a RHEOLOGRAPH
graded. This is possibly caused by the incorporatiorSOLID (Toyoseiki Co., Ltd.) at a heating rate of
of the disulfide having characteristic UV absorption at2°C min~* and a frequency of 10 Hz. Refractive
240-300 nm with molar absorption coefficiesitang-  index (p) and Abbe’s numbervp) were measured
ing 100-600 [31, 32]. We could not currently find a on an ATAGO Abbe refractometer 3T. Ultraviolet
study on the relation between the structure andithe visible light spectra were recorded on a HITACHI
in the disulfide-comprising polymers. The problem is UV-330 spectrophotometer. An ether (for BMMD) or
therefore to elucidate the structure of such polymers sa dioxane (for oligo [BMMD]) solution, or a polished
as to obtain a polymer having both higly and high  polymer disk of 5Qum thickness were employed for
vp. Bi-functional BMMD, which proved to be a useful UV measurements.

material for the preparation of poly[S-alkylcarbamate]

having highnp and highvp [25, 33], is expected to give

soluble linear oligo[BMMD], whose chains propagated 5 5 naterials

with disulfide formation by oxidation at the mercapto ; 3-bis(isocyanatomethyl)cyclohexane  (BIC) and

groups. The resulting oligo[BMMD] is also expected y 3 5 g (isocyanatomethyl)cyclohexane (TIC) were
to give a disulfide-comprising poly[S-alkylcarbamate] . chased from Takeda Chemical Industries, Ltd

by polyaddition of their terminal mercapto groups with ;4 ¢ 3-bis(isocyanatomethyl)benzene (BIB) from

isocyanates. Based on this idea, we investigated the %Rokyo kasei Kogyo Co. Ltd and were used without

timal preparation condition of oligo[BMMD] to obtain ¢ ,per purification. 1,6-diisocyanatohexane (DIH)

an optically applicable poly[S-alkylcarbamate]. In ad-,, - ¢ purchased from ,Aldrich Chemical Company,

dition, this paper describes the characterizait,vo  |nc and distilled under reduced pressure (@2at

of oligo[BMMD] and poly[S-alkylcarbamate] and dis- 5y gy prior to use. All other reagents, including 2-

cusses thep of the poly[S-alkylcarbamete] obtained o cantoethyisufide (MES) and 2-mercaptoethylether

with regard to the UV absorption and the conformation gy were used without purification. All the solvents
around the disulfide bond. were distilled prior to use.

2. Experimental 2.3. Preparation of BMMD

2.1. Measurement To a mixture of allyldisulfide (10.3g, 70.2 mmol),
!H-NMR (nuclear magnetic resonance) (270 MHz)calcium carbonate (0.14g), and dichloromethane
and**C-NMR (67.8 MHz) spectra were recorded on a(170ml), sulfuryl chloride (9.5g, 70.2 mmol) was
JEOL EX-270 in CD{J or (CD3),SO solutions using added dropwise in 45 min at —3Q, and the mixture
tetramethylsilane as an internal reference. The amountas stirred continuously for 24 h at that temperature.
of the mercapto group in a oligo[BMMD]Asn)  The reaction mixture was filtered, and the solvent was
was determined from a signal ratio in thel-NMR  evaporated to give 15.4 g of crude 2,5-dichloromethyl-
spectrum of a mixture of oligo[BMMD] and 1,1, 1,4-dithiane (DCMD). The mixture of crude DCMD
2,2-tetrachloroethane (TCE) by the following equa-and thiourea (10.8 g, 0.142 mol)in ethyl alcohol (47 ml)
tion: Asn (mol)=1.2x 1072 x (Woiigoismmp] X Was refluxed for an hour, then cooled to room tempera-
Wrcr /Wyjigosarmpy) X (loligorsmmny/1 rer), where  ture. The resulting precipitate was filtered and dried
Woligorpmmp) and Wrce are the weight (g) of in vacuoto give 22.0g of the isothiuronium salt of
oligo[BMMD] and that of TCE, respectively, DCMD (TSDCMD). To the dispersion of TSDCMD
loligosmmp) @nd Itce are the signal intensities of in 63ml of water, a solution of sodium hydroxide
the mercapto group of the oligo[BMMD] and that (5.81g, 0.145mol) in 31 ml of water was added drop-
of the methylene group of TCE, respectively, andwise at 90°C, and the reaction mixture was stirred for
Woiigosanpy 1S the weight (g) of the oligo[BMMD]  an hour at that temperature. It was then cooled to room
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temperature and acidified by adding 6N-HCl(aq.) un-628.2,531.0,836.1,538.3,542.0. Raman shift (neat):
til its pH value dropped to 2—3. The separated oil was361, 385, 505, 548, 638, 687, 744, 1273, 1405tm
extracted with benzene, and the extract was washed Oligo[BMMD-co-MEE] was prepared under similar
with water and dried over anhydrous magnesium sulfeaction conditions using MEE (3.12 g, 22.6 mmol)
fate. The benzene was removed at a reduced presmstead of MES!H-NMR in CDCls: §1.56—1.68 (m,
sure and the residue was subjected to vacuum disti8H), §2.82—3.33 (m, 100H);3.75 (t, 9H)13C-NMRin
lation (bp=1215°C at 0.02 mm Hg) to give colorless CDCl5:631.2,638.4,638.6,641.8,642.3,669.1. Raman
BMMD (7.76 g, 52.0% vyield from allyldisulfide). Its shift (neat): 318, 359, 384, 499, 545, 632, 713, 788,
np andvp values were 1.646 and 35.2, respectively.1261, 1397 cm®.

'H-NMR in CDClz: 61.62 (t, 1H),62.88-3.14 (m, 5H).

13C-NMR in CDCk: §28.4,631.2,542.2. IR (neat):

670, 731, 863, 895,923, 1028, 1153, 1215, 1232, 1260,

1313, 1410, 2545, 2906 cth. Raman shift (neat): 252, 2.6. Fractionation of oligo[BMMD]

316, 355, 383, 631, 702, 726, 790, 916, 1265, 14070ligo[BMMD] prepared from the F& catalytic oxi-
2553 cntl. Analysis Calculated for §H1,S, (212.40):  dation of BMMD for 30 min was fractionated by GPC
C, 33.93%; H, 5.69%; S, 60.38%. Found: C, 33.75%;(column: G2000H, mobile phase: CHEB mImin~1),

H, 5.75%: S, 59.99%. sample concentration: 10 mgm| detector: UV
254 nm), and the last three fractions were collected sep-
arately. The last fraction gave the GC-MS (EIl) data
indicating that it is the monomer (BMMD)n/z (rel-
ative peak intensity) 212 (45.3 [M), 178 (20.6), 165
(8.6), 145 (7.8), 131 (70.7), 119 (15.2), 105 (30.7), 91
(14.4), 73 (100), 59 (20.9¥H-NMR showed signals
of the same chemical shifts and intensities as those of
ure BMMD. The second fraction from the last was the
imer; GC-MS (El):m/z (relative peak intensity) 211
(62.8 [M/2]1), 177 (21.7), 165 (13.6), 145 (10.1), 131
(85.6), 105 (29.8), 73 (1003H-NMR in CDCls: §1.58

t, 1H), 62.80-3.27 (m, 10H). The third fraction from
lJhe last was the trimer; GC-MS (Eb/z (relative peak
iftensity) 209 (100 [(M/3)-21), 164 (18.2), 149 (53.9),
138 (22.6), 105 (25.2), 85 (28.2), 73 (63.8)-NMR

in CDCl3: §1.61 (t, 1H),62.71-3.46 (m, 15H).

2.4. Preparation of oligo [BMMD]
To a vigorously stirred solution of BMMD (92.83 g,
0.437 mol) in methyl alcohol (438 ml), a solution of
ferric chloride hexahydrate (118.13g, 0.437 mol) in
methyl alcohol (305 ml) was added rapidly at room
temperature, and then the reaction mixture was stirreg
for 10 min to 8 h atthat temperature. Oil separated
was extracted with chloroform (400 ml). The extract
was washed with water (400 ml) six times and dried
over anhydrous magnesium sulfate. The chlorofor
was removed at a reduced pressure, and the resid
was dried at 150C for 1 hin vacuoto give color-
less and viscous oligo[BMMD] weighing more than
90% of the BMMD used. The following data are for
oligo[BMMD] obtained ty 8 h reactionH-NMR in
CDCls: 81.61-1.68 (m, 1H)2.88—3.31 (m, 10H)-3C-
NMR in CDClg: §28.5,831.2,537.9,538.4,842.3. IR - ;
(neat): 907, 1152, 1200, 1229, 1250, 1311, 1408, 254¢>"* -0lyaddition of oligo[BMMD] and
2902 cnTt. Raman shift(neat): 323,361, 387, 505, 550, o homogeneous mixture of oligo[BMMD] (4.00 g,
637, 7162 792, 1266, 1403 cth _ 20.2 mmol of thiol group) prepared from the ¥e
A solution of BMMD (22.93 9, 0.108 mol)inDMSO - oavtic oxidation of BMMD for 30 min, BIC
(33.74 g, 0.432 mol) also gave oligo[BMMD] by heat- (1.96g, 20.2 mmol of isocyanate group) and di-n-
ing at 80°C with stirring under Ar for 0.5—-4.0 h. After butyl ti'n dilaurate (3.4mg, 11.Qumol) was' poured
preparation in the same manner as in the case 9f Fe into a glass ampoule, and degassed under vacuum.
catalytic oxidation, oligo[BMMD]s weighing at least 11,4 ampoule was filled with argon, sealed, and
209 were obtained. Their spectral data were almosf,taq gradually from room tempera’ture to 1’(20
the same as thoge of the oligo[BMMD]s obtained from;, 51 1y 1o give poly[oligo(BMMD)-BIC]. *H-NMR
Fe** catalytic oxidation. in (CD3),SO: 50.37-1.85 (m, 10H)$2.84-3.44 (m,
22H), 68.19 (bs, 2H)*3C-NMR in (CDs3),S0:620.1,
524.9,528.8,630.8,832.8,834.6,537.4,541.5,5644.8,
2.5. Co-oligomerization of BMMD with 3165.3. IR (KBr pellet): 1197, 1397, 1502, 1655,
MES or MEE 2910, 3305 cm?®. Raman shift (bulk): 368, 390, 480,
To a vigorously stirred solution of BMMD (19.17g, 507, 557, 626, 641, 686, 720, 794, 1143, 1213,
90.2 mmol) and MES (3.30g, 22.6 mmol) in ethyl al- 1271, 1409, 1441, 1673 cth. Similarly, other poly[S-
cohol (56 ml), a solution of ferric chloride hexahy- alkylcarbamate]s were prepared using BIB, DIH, or
drate (15.24 g, 56.4 mmol) in ethyl alcohol (50 ml) was TIC instead of BIC. Oligo[BMMDeo-MES (or MEE)],
added rapidly at room temperature, and then the reinstead of oligo[BMMD], was also used in the prepa-
action mixture was stirred for 1.5h at that tempera-ration of copoly[S-alkylcarbamate]s of TIC. Codithiol
ture. It was prepared in the same manner as in the caseich as MES or MEE was copolymerized into poly[S-
of oligop[BMMD] preparation to give oligo[BMMD- alkylcarbamate] of TIC by adding it to the monomer
co-MES] (7.249). 'H-NMR in CDCl: §1.57-1.67 mixture so that the total amount of mercapto groups
(t, 13H),81.70-1.81 (m, 1H)§2.71-2.86 (m, 18H), (oligo[BMMD]+codithiol) should be equimolar to the
§2.86-3.28 (m, 100H)!3C-NMR in CDCk: §24.8, isocyanate groups used.

isocyanates
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Poly[oligo(BMMD)-BIB]; H-NMR in (CD3),SO: 387,472,505, 551, 637, 752, 1134, 1205, 1267, 1403,
§2.86—3.71 (m, 18H)$4.30 (d, 4H),57.08-7.37 (m, 1436, 1645cm’.
4H), §8.76 (bs, 2H).13C-NMR in (CD3),SO: §30.7, Copoly[oligo(BMMD)-MEE-TIC]; IR (KBr pellet):
832.7, 837.6, 641.4, §44.0, §125.9, §128.3,§139.0, 1099, 1198, 1407, 1504, 1659, 2260 (remaining NCO),
5165.2. IR (KBr pellet): 1191, 1404, 1490, 1658, 22552914, 3311 cm'. Raman shift (bulk): 363, 387, 472,
(remaining NCO), 2902, 3027, 3299 claRaman shift 502, 550, 620, 634, 716, 1128, 1202, 1264, 1397, 1433,
(bulk): 364, 387, 504, 553, 623, 637, 743, 997, 1200164OCFTT1
1239, 1403, 1605 crt.
Poly[oligo(BMMD)-HDI]; *H-NMR in (CD3),SO:
§1.18-1.50 (m, 8H)§2.87-3.33 (m, 22H)§8.17 (bs, 3. Results and discussion
2H). 13C-NMR in (CDs),SO: §25.8, §28.9, §30.7, 3.1. Preparation and characterization of
832.6,6837.5,841.1,541.4,5164.6. IR (KBr pellet): oligo[BMMD]
1205, 1404, 1503, 1651, 2855, 2929, 3315-¢m BMMD, which has been prepared previously [25], was
Raman shift (bulk): 361, 385, 472, 507, 551, 620,0xidized at its thiol to oligomerize by disulfide forma-
638, 686, 720, 744, 1202, 1269, 1305, 1402, 1432tion (Fig. 1). A mild oxidant, ferric chloride or DMSO,
1641 cnl. was employed to prevent an undesired oxidation of the
Poly[oligo(BMMD)-TIC]; IR (KBr pellet): 1196, sulfur atoms on the 1,4-dithiane ring or of the disul-
1407, 1505, 1659, 2257 (remaining NCO), 2911,fide bond formed. IR spectrum of the oligo[BMMD]
3317cntl. Raman shift (bulk): 363, 387, 475, 502, was similar to that of BMMB (Fig. 2). No apparent sig-
550, 620, 635, 716, 1131, 1202, 1264, 1403, 1438nals assignable to sulfoxides or sulfones were observed.
1658 cnml. IH-NMR of the oligo[BMMD] was also similar to that
Copoly[oligo(BMMD-co-MES)-TIC]; IR (KBr pel-  of BMMD except that the ratio of signals for thiols to
let): 1196, 1407, 1502, 1660, 2260 (remaining NCO),those for the other protons decreased (Fig. 2). This indi-
2913, 3303 cmt. Raman shift (bulk): 364, 388, 472, cates that BMMD oligomerized with dehydrogenation
507,554, 637,714, 746, 1142, 1203, 1266, 1403, 143%f its thiols. Formation of disulfide bonds was exclu-
1658 cnt. Copoly[oligo(BMMD-co-MEE)-TIC]; IR sively determined by signals at 505 thand 500 crm*
(KBr pellet): 1199, 1407, 1504, 1660, 2260 (remainingin the Raman spectrum of oligo[BMMD]. These spec-
NCO), 2913, 3310 cmt. Raman shift (bulk): 364, 385, tral data, together with3C-NMR, support the struc-
477,502, 551, 620, 637, 716, 1139, 1202, 1261, 140Qural formula of oligo[BMMD] shown in Fig. 1. The
1432, 1665 cm'. Copoly[oligo(BMMD)-MES-TIC];  GPC chart (Fig. 3) of oligo[BMMD] prepared by Fe
IR (KBr pellet): 1196, 1408, 1505, 1659, 2260 (remain-catalytic oxidation of BMMD for 30 min shows five
ing NCO), 2914, 3308 cmt. Raman shift (bulk): 363, fractions. Mass andH-NMR spectra of the last three

\/[S SH _FeClyMeOH ‘[ \)i j/\s‘] oen NG \): j/\s>)LN N)ﬂ*
HS s orbMso S S
BMMD oligo[BMMD] poly[oligo(BMMD)—isocyanate]
l OCN'R’NCO + MES or MEE
FeCl;/MeOH

0
MES or MEE s N N S/\’X\/\SJLNRN MES; X=8
H H MEE; X=0

Y o—poly[ohgo(BMMD)—MES (or MEE)-isocyanate]

Sy st~ x ™S oenPeneo S G\S 8
s H H s
s - s
o)

co-oligo[BMMD-co-MES (or MEE)]

co-poly[oligo(BMMD-MES (or MEE))-isocyanate]

Isocyanate: BIC; R=HZCUCH2 , BIB; R=HZC\©,CH2 , DIH; R=(CH,)g
TIC; R=H,C. : ,CH,

CH,

MES; X=S
MEE; X=0

Figure 1 Preparation of oligo[BMMD] and its poly[S-alkylcarbamate]s and their codithiol modifications.
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TABLE | Thedistribution of oligomers in oligo)[BMMD] prepared in
- different oxidation conditions

Content (%)
— Time

u (h)

Fe*t catalytic oxidation (molar ratio of F&/BMMD = 1.0)

Monomer Dimer Trimer Tetramer>Pentamer

Absorbance

0.1 39.4 48.4 10.3 1.9 —
0.5 6.8 68.4 20.1 4.3 0.4
2.0 4.9 62.0 24.2 6.9 2.0
4.0 3.6 58.6 26.5 8.5 2.8
8.0 3.2 50.2 28.1 12.2 6.3
b b b b b b DMSO oxidation (molar ratio of DMSO/BMME= 4.0)
4000 3500 3000 2500 2000 1500 1000 500 05 235 50.3 18.6 55 21
Wavenumber 1.0 12.8 415 25.1 11.3 9.3
1.5 8.9 35.8 27.2 14.9 13.2
2.0 6.5 29.9 26.4 17.7 19.5
4.0 4.5 23.1 24.7 17.9 29.8
DMSO oxidation (molar ratio of DMSO/BMME= 1.0)
0.5 30.4 38.4 22.8 6.6 1.8
1.0 21.9 311 26.3 13.2 7.5
1.5 16.5 26.1 26.2 16.4 14.8
2.0 12.1 24.7 26.4 17.7 19.1
4.0 6.9 25.5 27.4 18.8 21.4

chloroform

* The content is the percentage of the peak area of the fraction assigned
to the oligomer.

10 9 8 7 6 5 4 3 2 1 0
PPM

DMSO oxidation due to precipitation. DMSO oxidized
the dimer or the soluble oligomers further as oxidation
time increased, but when the oxidation time exceeded
4 h, the oligo[BMMD] turned opaque due to inclusion
of high-OD oligomers (the OD was estimated to be
more than eight from GPC analysis). To minimize the
content of high-OD oligomers, the amount of DMSO
used was reduced (molar ratio of DMSO/BMMBDL1.0

in TableI), which, however, did not affect the distri-
butions of the oligomers significantly, and the oxi-
dation time was still limited within 4 h for transpar-
ent oligo[BMMD] production. Moreover, the conver-
sion decreased with decreasing molar ratio. The Fe
catalytic oxidation is more suitable for preparation of
oligo[BMMD], because the opaque oligo[BMMD] ob-
tained by DMSO oxidation could not afford transparent
poly[S-alkylcarbamate] applicable to optics by subse-
guent polyaddition with isocyanates.

Figure 2 IR (top) and'H-NMR (bottom) spectra of oligo[BMMD]. The
sample was obtained by Fecatalytic oxidation of BMMD for 8 h.

Intensity

_

N N N N A [ N NN AN N |
0 2 4 6 8 10 12

Retention time (min)

3.2. np and vp of oligo[BMMD]
Fig.4 shows the changes ohp and vp of
oligo[BMMD] with oxidation time. In the F&" cat-
alytic oxidation thenp increased significantly within
fractionation products revealed that they are monome®.5 h, and then gradually reached 1.68. In the DMSO
(BMMD), dimer, and trimer in the order of decreas- oxidation thenp also increased with oxidation time,
ing retention time. The other two fractions appear tobut its change was not so large. With both oxidants,
be tetra- and pentamers, in that order. In both oxidavp decreased andp increased with increasing oxi-
tion systems the amount of an oligomer with a higherdation time. The maximump value for the DMSO
oligomerization degree (OD) increases with increasingpxidation products is expected to exceed 1.68 from the
oxidation time (Table I). curve, which, however, was prevented by the formation
In the Fé* catalytic oxidation BMMD rapidly gives  of turbid oligo[BMMD] discussed above, anmb of
the dimer, however, the content of oligomers withtransparent oligo[BMMD] was limited to around 1.68
OD > 4 did not increase at the same rate. Such bein both oxidation conditions.
havior was not observed in the DMSO oxidation. The The np and vp of oligo[BMMD] depend on the
dimer was insoluble in methyl alcohol, and its oxida- conversion of BMMD, but they drastically change
tion rate in the F&" system was slower than that in the when the conversion reaches around 100 % (Fig. 5).

Figure 3 Gel permeation chromatogram of oligo[BMMD]. The sample
was obtained by Fe catalytic oxidation of BMMD for 30 min.
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1.690 1.669:34.6 (MEE). These values were comparable to
those of the oligo[BMMD] obtained in the early oxida-

tion stage (Fig. 4).

1.680
-1 35.0
1.670 3.4. Preparation and characterization of
o v poly[S-alkylcarbamatels

1,660 Poly[S-alkylcarbamate]s were prepared from the

: oligo[BMMD]s and co-oligomers possessing mercapto
groups at their terminals by polyaddition with iso-

1.650 cyanates such as BIC, BIB, DIH, and TIC (Fig. 1).
Fig.6 shows the IR andH-NMR spectra of the
poly[S-alkylcarbamate] obtained from BIC and the

1.640 34.0 oligo[BMMD] prepared by the F& catalytic oxida-

0.0 2.0 4.0 6.0 8.0
Oxidation time (hr)

tion for 8h. The negligible signal at 2255 cmin
the IR spectra shows almost quantitative polyaddi-
Figure 4 The dependence of, andvp of oligo]BMMD] on oxidation  tion. From the ratio of signal intensities &2.84—3.44
time. ®,0 Fe** catalytic oxidation (molar ratio of F¢/BMMD =1.0).  (22H) and§0.37—1.85 (10H) in théH-NMR, the av-

m, 0 DMSO oxidation (molar ratio of DMSO/BMME-= 4.0). erage OD of oligo[BMMD] used was calculated to be
1.8. This value was consistent with that (1.9) calcu-
1.690 lated from the terminal mercapto groups given in the
[ IH-NMR of the oligo[BMMD] used. This agreement
1 680 meant that every oligomer in the oligop[BMMD] re-
A acted equally with BIC. The poly[S-alkylcarbamate]
3.0 of BIC completely dissolved in chloroform, but those
1.670 of BIB and DIH showed poor solubility in common or-
o vo ganic solvents including dimethyl sulfoxide, dimethyl
I formamide, hexamethyl phosphoric acid, tetrahydrofu-
1.660 ran, hexafluora-propyl alcohol. It was expected that
1.650
1.640 34.0

0 20 40 60 80 100
Conversion (%)

Figure 5 The dependence of, andvp of oligop[BMMD] on conversion.
e, 0 Fe3t catalytic oxidation (molar ratio of F&/BMMD = 1.0). m, O
DMSO oxidation (molar ratio of DMSO/BMMD= 4.0).

Absorbance

These relations indicate that the contribution of each
oligomer to incrase thaep and to decrease the, of S NS I S S W S
oligo[BMMD] is not equal. The formation of high-OD 4000 3500 3000 2500 2000 1500 1000 500
oligomers apparently causes these significant changes Wavenumber

3.3. Co-oligomerization of BMMD with MES
and MEE
Oligo[BMMD] was modified by co-oligomerization
with MES or MEE codithiol. The codithiol molar
fraction in feed was 20mol%, and that incorpo-
rated determined from the signal intensities '&f-
NMR was 18.4mol% for MES and 19.5mol % for
MEE. The codithiols were found to be incorporated
in the co-oligomer quantitatively within 30 min from
the complete disappearance of their spot on thin {
E}éegr;:r:garg?gg?g?r%?é()Itjfl;ls(]l?g:)er\é)vglzt(t]t)éI?gaot?tir(:oc; | IRRNRENEN RSN NNETN NN RN TS RN AN ARl AN
idation periods than that employing only BMMD even 09 8 7 65 43 210
when ferric chloride was used. The co-oligomers ob- PPM
tained in the oxidation period just before they begarrigure 6 IR (top) and 'H-NMR (bottom) spectra of polyoligo-
to become turbid hadp:vp of 1.674:34.5 (MES) and (BMMD)-BIC]. The averaged OD of oligo[BMMD] used is 1.9.
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TIC gave cross-linked poly[S-alkylcarbamate]s due toin the poly[S-alkylcarbamate]s with molecular weight
its three functionalities, and this is confirmed from themore than 10 000, their refractive indices approach lim-
facts that the poly[S-alkylcarbamate]s of TIC showediting value [34]. These poly[S-alkylcarbamate]s proved
no solubility to these solvents but swelling only with to have sufficient molecular weights for the discussion
chloroform, tetrahydrofuran and hexafluorgropyl  of their inherent optical properties.

alcohol. The (CR),SO soluble parts of the poly[S- Fig.8 shows temperature dependencies of elastic
alkylcarbamate]s of BIB and DIH were employed constant and tangestobserved in thermomechanical
for the NMR measurements, and only the IR spec-analysis of the poly[S-alkylcarbamate] obtained from
trum was used for the characterization of the poly[S-TIC and the oligo[BMMD] prepared by the Fe cat-
alkylcarbamate] of TIC. The IR spectra of the poly[S- alytic oxidation for 8h. The polymer has the elas-
alkylcarbamate]s of BIB and TIC showed strong signalstic constant in the order of 20Pa at room temper-
assigned to the remaining isocyanate group, whose irature, and the elasticity is maintained up to 120
tensities indicate poor polyaddition yields, in contrastThe glass transition temperature of the polymer defined
to the case of BIC. The poly[S-alkylcarbamate] of TIC,

giving the highesinp among those of the other iso-

cyanates, was modified structurally by incorporation 10" 1.6
of MES or MEE via two different procedures: polyad- i . 144
dition of the co—oligomer and TIC, and co-polyaddition [ )
of the mixture of the codithiol, oligo[BMMD] and 10k OOOOOOOOOOOOO% .® {12
TIC. These modified poly[S-alkylcarbamate]s were ex-z F o
pected to have different structures around the disulfidé [ o 11.0
bond, but could not be distinguished by the IR spec-gs i b 8
tra. From these spectroscopic data, we conclude theg 10° .0 108 ‘c'g
the poly[S-alkylcarbamate]s were consistent with theg oe o
structural formula shown in Fig. 1. 2 ° o 196

Fig. 7 shows the GPC charts of the poly[S-alkylcar- " el c’oo9 P o4
bamate] and those of oligo[BMMD]s used for the poly- 3 ¢ Y I
mer preparation. From the GPC curves, difference of [ . ‘.. 102
oligomer distributions in oligo[BMMD] did not af- [ ° %ot
fect the molecular weight distribution and the average 10° : : ! ! 0.0

0 50 100 150 200

molecular weights of both poly[S-alkylcarbamate]s.
This fact supports the above discussion about the sim
ilar rea}ctl\{lty of different OD ollgomers. Usua”y’ the Figure 8 Temperature dependencies of elastic constanafd tangent
refr_actlve index of polymers deF)enc_I on the moleculars ) observed in the thermomechanical analysis of poly[oligo(BMMD)-
weight at low degrees of polymerization. However, Tic].

Temperature (°C)

Intensity
Intensity

Mw=15,400 Mw=19,100

| | | | | | | | | | | I
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Retention time (min) Retention time (min)

Figure 7 Gel permeation chromatograms of oligo[BMMD] (top) and its poly[oligo(BMMD)-BIC] (bottom).
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TABLE |l The np:vp of poly[S-alkylcarbamate]s prepared from
oligo[BMMD]s with differentnp:vp

Np:vp of Np:vp of

Isocyanatesn(p:vp) oligo[BMMD] poly[S-alkylcarbamate]s
BIC (1.484:52.1) 1.665:35.0 1.630:38.3

" 1.681:34.3 1.645:37.0
BIB (1.541:33.7) 1.665:35.0 1.668:32.8

" 1.681:34.3 1.677:32.5
DIH (1.452:50.7) 1.665:35.0 1.632:38.2

" 1.681:34.3 1.646:36.9
TIC (1.500:51.4) 1.665:35.0 1.646:36.6

" 1.681:34.3 1.659:35.6

by the temperature showing the maximum of the tan-
gents is 134.7°C. As evidenced by these thermome-
chanical properties, the poly[S-alkylcarbamate] is hard

and glassy amorphous polymer. The amorphous naturfe
h

contributes transparency of the poly[S-alkylcarbamate
showing light transmittance of 89% at 550 nm. Simi-
larly, the other poly[S-alkylcarbamate]s obtained are
all hard and transparent.

3.5. np and vp of the

poly[S-alkylcarbamatels
Table Il givesnp andvp of the poly[S-alkylcarbamate]s
prepared from oligo[BMMD]s with differemnip andvp
values. Itis obvious that the oligo[BMMD] with higher
np always gave the poly[S-alkylcarbamate]s with
highernp, when the same isocyanate was used. BIB,
having the highesip among the isocyanates used, gave
the poly[S-alkylcarbamate]s with the highast These
results indicate that thep of poly[S-alkylcarbamate]
increases with increasimy, of the oligo[BMMD] and
that of the isocyanate. The incorporation of the ben-
zene ring into the poly[S-alkylcarbamate]s by using
BIB effectively increasesp, while it significantly de-
gradesvp due to a large molar dispersion of the ben
zene ring [35]. TIC gave the poly[S-alkylcarbamate]
having a highhp, second to that of BIB, but it gave a
highervp. Use of 1.5-fold mole of oligop[BMMD] for

np of the polymer

Np

vp of oligo[BMMD]

34.3 34.5 35.0

1.655 365 5
=
=
@
o
=}
~
3

1.650 36.0 2

[
1 .645 1 L 1] 1 I 1 1 1 1 I 1 1 1 1 ' 1 1 1 1 35'5
1.665 1.670 1.675 1.680 1.685

np of oligo[BMMD]

igure 9 Dependence ofip and vp of poly[oligo(BMMD)-TIC] on
ose of oligo[BMMD] used.

40.0

39.0

38.0

Vo

P 37.0

36.0

20
[Codithiol] / [Oligo(BMMD)+Codithiol] (%)

40 60 80

35.0
100

Figure 10 Changes ohp andvp of copoly[oligo(BMMD)-codithiol-
TIC] with the molar fraction of the codithiol in feed. Codithiols are MES
" (e) and MEE 0).

This is similar to the preceding discussionignof the

stoichiometric polyaddition with TIC, which possessesoligo[BMMD]. Therefore, such oligo[BMMD]s should
three isocyanate functionalities, is more advantageousot be polymerized for the preparation of the poly[S-
for the preparation of higinp poly[S-alkylcarbamate]s alkylcarbamate] with high)p. Consequently, polyad-
than their preparation using BIC or DIH. In Fig. 9, the dition using the oligo[BMMD] prepared with a high
np and thevp of TIC-based poly[S-alkylcarbamate]s conversion to the dimer or the dimer only should give
were plotted against those of oligo[BMMD]s used for poly[S-alkylcarbamate] with highp and highvp. The
their preparation. Thep of the poly[S-alkylcarbamate] selective synthesis of the dimer is most desirable, butis

increases proportionally with that of oligo[BMMD],

not currently feasible. Fig. 10 shows the changepf

but the vp of the poly[S-alkylcarbamate] decreasesandvp of copoly[oligo(BMMD)-codithiol-TIC] with

drastically below 34.4 with slight change of, of
the oligo[BMMD]. Similar observations regarding,

the amount of codithiol in feed. In both cases, as the
amount of the codithiol increased, tingy decreased

and vp have been reported for copolymers of ben-and thevp increased, which is attributed to the in-
zylmethacrylate and 1,2-dimethacryloxyethane [36]. Incorporation of the codithiol with lowemp and higher
this case, the sequences from the former unit contributep than those of oligo[BMMD]. Thenp :vp of the

to decrease thep, as their content increases, due topoly[S-alkylcarbamate]s from the co-oligomers hav-
the benzene ring. Based on this consideration, our reng approximately 20 mol% of MES and MEE were
sults indicate that the oligo[BMMD] containing a small 1.654:36.0 and 1.651:36.2, respectively. These values
amount of the high-OD oligomer causes the significantvere comparable to those of the copolymers obtained
decrease ofp of the poly[S-alkylcarbamate] obtained. using 20 mol % of the respect codithiols (Fig. 10). The
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Figure 11 Refractive indicesr(p) and Abbe’s numbersvf) of the Raman shift (cm~1)
poly[S-alkylcarbamate]s. The region of flint glasses is also shown
(shaded).e poly[S-alkylcarbamate]s given in TABLE Ilo poly- Figure 12 Raman spectra of oligo[BMMD] (top) and poly[oligo-
[0ligo(BMMD)-TIC]s shown in Fig. 98 copoly[oligo(BMMD)-MES-  (g\MD)-TIC] (bottom). The sample of oligo[BMMD] was the same

TIC]s shown in Fig. 100 copoly[oligo(BMMD-MEE-TIC]s shownin 55 that of Fig. 2. The polymer was prepared using this oligo[BMMD].
Fig. 10,¢ copoly[oligo(BMMD-co-MES (or MEE))-TIC]s.

structural change around the disulfide bond did not affiNg- The lack of the signal at about 525 chindicates
the absence of other conformers such as GGT [38]. As

fect the optical properties of both copolymers.
The nDp versrzjs SD diagram of t%eyall poly[S- is exemplified by the UV spectrum of alkyl disulfide,

alkylcarbamate]s obtained in the present work is showrutyldisulfide in the TGT conformation hardly absorbs
in Fig. 11. Obviously, thenp andvp of most poly- YV light, while the other in the GGG or the GGT con-

mers intrude into the region of flint glasses [37]. Theformation show characteristic UV absorption [31, 32].
oligo[BMMD] contributes to increase not only, but ~ OPtical dispersion, which normally decreases; is
alsovp. Consequently, we propose that these poly[S_caused_ by electronic transitions at UV frequencies [39].
alkylcarbamate]s with highp and highvp can be used Accordlngly, the GGG conformer or other _UV absorb-
as promising optical materials. T, and thevp of N groupsin pon[S-aIkyIcarba'mate] contributes to de-
the polymer obtained using BIB, however, were notdrade theop of the polymer, while the TGT conformer

comparable to those of the other polymers or of flintd9€s not do so. The UV spectrum of oligo[BMMD]
glasses, although it had highes than the other poly- (Fig. 13)_ is similar to that of non-_d|suIfldejc.ontalnlng
mers. The poor optical properties are attributable tg®MMD in that the molar absorption coefficient mea-
low vp, because itap, is consistent with that estimated sured is relatively low. Nevertheless, it shows slight
from the Lorentz—Lorenz equation [26]. The incorpo- absorption between 250-300 nm which is attributed to
ration of the benzene ring caused this degradation, 8¢ GGG conformer and its content is thought to be
discussed below. small. In the UV spectra of poly[oligo(BMMD)-TIC]
and poly[oligo(BMMD)-BIC], no apparent absorption
band was observed between 260-300 nm (Fig. 14). In

3.6. Relationship between the vp and the this region, the slight increase in optical density with

structure of poly[S-alkylcarbamate]
The Raman spectra of the oligo[BMMD] and
poly[oligo(BMMD)-TIC] show signals about 505 and
550 cnt!, which are assignable to the S-S stretch-
ing (Fig. 12). All the other co-oligomers and poly[S-
alkylcarbamate]s also show both signals within a devi-
ation of 7 cnt. In a G-C,-S;-S,-C3-C4 System, where
the conformation of &S,-S,-C3 is fixed ingauchethe
signal around 505 crrt and that around 550 cm indi-
cates the presence ofgauche(C;-C,-S;-S,)—gauche
(C2-51-S,-C3)—gauchg $,—S—C3—Cy) (GGG) confor- |
mation and that of &rans (C;-C»-$;-S;)—gauche(Cs- 1 I I
S1-S,-Ce)-trans ($1-$,-C3-C4) (TGT) conformation, 200 250 300 350 400
respectively [38]. Thus, oligo[BMMD] and its poly[S—
alkylcarbamate] consist of both GGG and TGT con-
formers for the €-C-S-S-C-C linkage, in which C Figure 13 UV spectra of oligo[BMMD] (top) and BMMD (bottom).
is the carbon at the 2- or 5-position in the 1,4-dithianeThe sample of oligo[BMMD] was the same as that of Fig. 2.

—

D o] o

o o o
I I

Molar absorption coefficient, ¢
N B
o o
1

o

Wavelength (nm)
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4.0 isocyanate and a mixture of oligo)[BMMD] and the
codithiol. Compared with other conventional optical
polymers, most of the poly[S-alkylcarbamate]s, includ-
ing these codithiol modified polymers, had relatively
highnp and highvp, and these values were compara-
ble to those of flint glasses. The poor optical properties
of poly[oligo(BMMD)-BIB] were attributed to degra-
dation invp. The highnp observed was attributed to
the increased molar refraction caused not only by the
presence of the 1,4-dithian ring [25, 33] but also by that
of the disulfide bond that introduces high sulfur content
in the polymer.

The effects of the disulfide bond and other group
in the poly[S-alkylcarbamate]s on thep value
were discussed in terms of UV absorption. From
their Raman spectra, oligo[BMMD] and its poly[S-
alkylcarbamate]s prove to have both GGG and TGT
conformers in the C-C-S-S-C-C linkage. The for-
mer shows characteristic UV absorption, whereas
the latter does not. The representative UV spectra
of poly[oligo(BMMD)-BIC] and poly[oligo(BMMD)-
TIC] show that the TGT conformer in the poly[S-
alkylcarbamate]s contributes to suppress the UV ab-
sorption beyond 260 nm. As a resulip and vp
values comparable to those of flint glasses are ob-
served for the poly[S-alkylcarbamate]s. The contribu-

decreasing wavelength is due to scattering loss ofion of the TGT conformer should be applicable to

UV light on the polymer surface. The spectra sug-2ll the oligo[BMMD]-based poly[S-alkylcarbamate]s.
gest that the GGG conformers hardly contribute to! N€ degradation ofp of poly[oligo(BMMD)-BIB] is

UV absorption of the poly[S-alkylcarbamate] and that&" gxceptional case dueto_its significant _UV ab_sorption,
it may be due to the contribution of the TGT con- which ends at 280 nm. This absorption is attributed to

former that theirvp values are comparable to those € benzene ring introduced by BIB. .
of flint glasses having nearly the samg values as . e thus conclude that oligo[BMMD], particularly

those of the polymers. The same discussion may be aFl)t_s dimer, serves as a useful material for the preparation

plicable to most of the other poly[S-alkylcarbamate]s.Of Polymer having higlnp and highvp and that the
Poly[oligo(BMMD)-BIB] significantly absorbs UV polymers obtained are promising optical materials.

light below 280 nm (Fig. 14). The wavelength at the end

of the absorption for the polymer is longer than that

for poly[oligo(BMMD)-TIC] or poly[oligo(BMMD)-

BIC]. Benzene shows the UV absorption at 255 nmReferences
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4. Conclusions
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