polymer

Polymer 41 (2000) 1487—1495

Equilibrium ring concentrations and the statistical conformations of
polymer chains: Part 16. Theoretical and experimental investigations of
cyclics prepared from poly(decamethylene fumarate) and

poly(decamethylene maleate) ring-chain equilibrium reactions

R.E. Heath, B.R. Wood, J.A. Semlyen

Department of Chemistry, University of York, York, YO10 5DD, UK
Received 1 January 1999; received in revised form 20 March 1999; accepted 29 March 1999

Abstract

The molar cyclisation equilibrium constaris for cyclics [OCOCH-CHCOO(CH)1]x (with x = 1-7) in two closely related polyester
systems, poly(decamethylene maleate) and poly(decamethylene fumarate), were measured experimentally using gel permeation chromato:
graphy. The corresponding theoreti¢gl values were calculated by two methods. The first applied a rotational isomeric state model to
describe the statistical conformations of chains forming rings and it assumed that such chains obey Gaussian statistics. The second approact
used MSI's program Insight Il to perform the Monte Carlo Metropolis calculations. When the expected chain expansion effects in a good
solvent media was considered, a good agreement between experiment and theory for all the cycties 2wtlas found. Crown copyright
© 1999 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction applied. These involve (i) the use of established rotational
isomeric state models [18,19] coupled with application of

In the first fifteen papers in this series [1-15], experimen- the matrix algebraic methods of Flory and Jernigan [20,21],
tal equilibrium cyclic concentrations in polymeric systems and (ii) the calculation of intramolecular cyclisation prob-
were compared with the theoretical values calculated usingabilities using Monte-Carlo Metropolis (MCM) methods.
the Jacobson and Stockmayer theory [16,17], by using rota-The first method assumes that the Gaussian statistics apply
tional isomeric state models to describe the statistical and the validity of this assumption was investigated by the
conformations of the corresponding open chain molecules. second method.
In recent years, there have been important developments in  This work is part of a general exploration of the prepara-
both experimental techniques for determining cyclic tion, fractionation, characterisation and investigation of
concentrations and in theoretical and computational meth-large ring esters and ether—esters [22—30]. Such materials
ods. These aspects, coupled with the success of the previousnay find applications as plasticisers, complexing agents
correlations between experiment and theory, have encour-[31,32] and even conducting polymers [33]. Ring-chain
aged us to explore the method for two closely related equilibrium reaction conditions were established for the
polyesters, poly(decamethylene maleate) (PDM) and poly- PDM and PDF systems, allowing for the measurement of
(decamethylene fumarate) (PDF). The structures of theseequilibrium cyclic concentrations. The results of this experi-
polyesters differ only in thecis and trans configurations mental and theoretical study are presented in this paper.
about the alkene linkage.

Two methods for calculating the equilibrium cyclic

concentrations in the PDM and PDF systems have beenz' Experimental

2.1. Materials

* Corresponding author. . .
“ published with the permission of the Controller of Her Majesty’s Dimethyl fumarate, dimethyl maleate, and the two cata-

Stationary Office. lysts dibutyltin bis(2-ethyl hexanoate) and titanium (V)
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Fig. 1. ESI-MS of the PDM ring-chain equilibrium products showing the presengentric cyclics.

isopropoxide were obtained from Aldrich Chemical Co. further 24 h, the linear polymer produced was allowed to
1,10-decandiol was obtained from Lancaster Synthesiscool to room temperature under dry nitrogen. The PDM and

Ltd. All of the materials were used as obtained. PDF polymers were found to have a number-average molar
mass of 5000 g mot, quite low but sufficient for ring chain
2.2. Preparation of linear polyesters equilibria to be set up.

Equimolar portions of 1,10-decandiol and dimethyl 2 3 preparation of cyclic esters
maleate or fumarate were heated to IM0to ensure
complete melting and mixing of the reagents, under dry Linear PDF or PDM previously prepared was diluted in
nitrogen in a three necked flask equipped with a distillation chlorobenzene at 50/1 (vol. chlorobenzene/wt. polymer)
head. The catalyst, titanium (V) isopropoxide (0.5 wt.%), with 1 wt.% dibutyltin bis(2-ethylhexanote), the transester-
was then added and the temperature raised t6GCL50r ification catalyst. The solution was heated to reflux (C30
24 h, during which methanol distilled off. The temperature and the samples were taken and analysed by gel permeation
was then decreased to T20and the system placed under chromatography (GPC) at regular intervals to study the
vacuum (water pump) to remove further methanol. After a progress of reaction, observing the decrease in the amount
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Fig. 2. 'H NMR spectra of PDF ring-chain equilibrium products showing the presence of end groups (marked
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Fig. 3. Gel permeation chromatograms of PDM and PDF ring-chain equilibria products showing the presenm&iofcyclic species.

of chains present and the corresponding increase in thedescribed as
guantity of cyclics. When equilibrium was reached, the

solution was cooled to room temperature and the solvent ¥ = My + My D
removed. where M is the monomer unit, Mepresentg-meric cyclic
species, and —D4 and —M_,— are linear species withand
2.4. Analytical techniques y — X monomer units, respectively. The molar cyclisation
equilibrium constank, for anx-meric cyclic is given by
GPC analysis of the linear and cyclic polyesters was =My —][M,]
y—X X

performed using a Knauer GPC instrument, equipped with K, = 2
four PL-gel 3um mixed-E columns, supplied by Polymer
Laboratories Ltd. The detector used was a Polymer Labora- The value of K, can be calculated knowing the
tories evaporative mass detector (PL-EMD 960). Chloro- concentrations of the individual rings [Mand the extent
form was used as the chromatographic solvent at a flow of reaction of functional groups in the chamusing the
rate of 0.3 ml min™. relationship [34]

Nuclear magnetic resonance studies (NMR) studies were (M,]
performed on an Joel 270 MHz spectrometer with deut- K, = XX (©))
erated chloroform as the solvent. Mass spectroscopy P
was performed using electrospray ionisation (ESI) on an where
Finnigan-MAT LCQ instrument. M,

Mn

[_M y_]

p= 1 )
3. Results whereMy is the molar mass of the repeat unit, avigis the
number average molar mass for the linear molecules
The products of the ring-chain equilibrium reactions were present.
characterised using GPC, NMR and ESI-MS. Mass spectro- The evaporative mass detector used has a response that is
scopy showed molecular ions corresponding to the correctproportional to the mass of sample eluted, hence the mass of
molar masses for the expected cyclic species (Fig. 1). NMR each of the rings can be calculated by integrating the peak
showed that the end groups were present in the products ofareas on the GPC traces using the Logical GPC software.
all the ring-chain equilibria (Fig. 2) as would be expected. This provides greater accuracy in determining the cyclic
GPC analysis of the ring-chain equilibrium products gave concentrations than some other types of detector (e.g.
yields of cyclics for the PDM and PDF systems as 78 and refractive index), where it must be assumed that all the
50 wt.%, respectively (Fig. 3). There was no detectable various cyclic species respond proportionally to their
guantity of the monomer ring formed in the PDF system, molar masses. This mass information, combined with the
and in the PDM system the monomeric cycle was formed in known molar masses for the different cyclic species, enables
a much lower concentration than the dimer (Table 1). the cyclic concentrations (and hence tgvalues) of the
The equilibrium ring-chain reactions established may be cyclics M, (in this case kK x<7) to be accurately
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Fig. 4. Molar cyclisation equilibrium constants plotted as kggagainst logk for the PDM (-¢—) and PDF (#l-) systems compared to the predicted values

from the RIS method (PDM (<>- -) and PDF (- EJ- -)).

determined. A plot of lod<, against logk for the PDM and
PDF systems is shown in Fig. 4.

4. Theoretical determination of molar cyclisation
equilibrium constants

Molar cyclisation equilibrium constants may be calcu-
lated using the Jacobson-—Stockmayer theory [16,17],

which states that

K, — :lvx@ , &
AOR,

where N, is Avogadro’s numberW,(0) is the density of
end-to-end vectors in the region= 0, and o is the
symmetry number of ar-meric ring, which in this case is
2x, wherex is the number of repeat units.

The distributionW,(r) (and hence the value d#,(0))
may be calculated directly by the MCM simulation of the
polymer chain or calculated from values @f) assuming

distribution

Wi(r) = (%@)yzex'ﬂ(‘( 2r%) )rz)'

When the end-to-end vector is of lendihthis simplifies
to

The assumption that the chain obeys Gaussian statistics
will only hold when the chains are of sufficient length and
flexibility, and this aspect is examined later in this paper.

©)

)

4.1. The rotational isomeric state model

The rotational isomeric state (RIS) model, developed and
applied by Flory, his co-workers and others [18,35], was
used to calculate the values @f), (with the subscript 0
denoting values which are unperturbed by excluded volume
effects) for the PDF and PDM chains with<dlx < 7. The
model assumes that each skeletal bond in a polymer chain
may be assigned to one of a discrete number of RIS’s (e.qg.

the chain obeys Gaussian statistics. For a Gaussianfor a C—C bond in polyethylene, the states drans
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Fig. 5. The assigned chain parameters for the PDM repeat unit.
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Fig. 6. The assigned chain parameters for the PDF repeat unit.

(t,p =0°, gauche+ (g*,¢ =120) and gauche— interactions when bonds— 1 andi are in discrete RISs
(g~ ,¢ = 240) [36]). The chains described here are assigned (based on the position afin the statistical weight matrix),
structural parameters, which have mostly been definedrelative to therans-transstate. The interactions considered
earlier by Flory and Williams [18], and were applied by here are those between atoms and groups separated by only
Jones and Scales [13] (Figs. 5 and 6). three or four skeletal bonds, with each interaction included
The bond lengthsl; used were: ChH-CH,=1. 53A in one of the statistical weight matrices below [18,1B]s
CH,~O=1.44 A CO-0=1.33 A CO-CH=1.49A the temperature and is the gas constant.
and CH= CH = 1.34 A[37]. The bond angle supplements, For PDM, the elements in the rows and columns of the
0;, used were: CHCH,—CH, =68, O-CH—-CH, =70, matrices correspond t¢ = 0, 120 and 240except inU,
CO-0-CH=67, CH-CO-0=69.5 and CH andU; where the column and row, respectively, correspond
CH-CO= 60 [37]. to ¢ =180
In PDM there are restricted rotations in the ester and the In PDF, bonds 2 and 4 (which correspond to Ob and 0d in
alkene groups (bonds 0a and Oe being alvierssand bond PDM) can exist in either ais or transform, hence a virtual
Oc beingcis). Calculations using HyperChem [38] have bond of the type seen in PDM is not present. The two states
predicted bonds Ob and 0d to exist almost exclusively in were estimated to have equal weighting by consideration of
the trans state. Due to these restricted rotations, bonds 0Oa, the relevant interactions using HyperChem [38]. The statis-
Ob, Oc, 0d and Oe may be simplified to a single bond 0 tical weight matrices for the PDF chain at 423 K are [13,18]

spanning their range (Fig. 5). The statistical weight matrices 1
U; for the PDM chain at 423 K are [13,18]
1 U=1|1 19
1 U =Us;=[1 1] (15
U=/1 1 1 9 1
1= ] © U2=U4:[1] (16)
1 1 1
Up=Up=Uy=]1 1 a2 (10) Us=[1 1 1] 17
102 1 11 1
1 055 055 Ug=Upu=Us=|1 1 Q2 (18
U;=|1 055 011 (11 1 02 1
1 011 055 1 055 055
1 055 055 U;=1]1 055 011 (19
Uj=Us=Ug=U;=Ug=Ug=| 1 055 Q05 1 011 055
1 005 055 1 055 055
(12

U8 = Ug = UlO = Ull = U12 = U13 = 1 055 0.05

1 005 055
(20

For PDF, the elements in the rows and columns of the
where AE is the difference in energy for a defined set of matrices correspond té =0, 120 and 240 with some

The elements of the matrices are the statistical weights,
calculated using the following equation

u=exp 2ERT, (13
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exceptions. IrJy andUs, the column and row, respectively,
correspond t@ = 0°. In U;—Uy,, the column or row with one

generator matrixG; is given by

element corresponds th = 0°, and the column or row with U Ui® 'iT)”Ti” (72U,

two elements correspond tb =0 and 180. G=|0 (URE[T| U ®®]I (29)
The first and last repeat units in the chain require careful

consideration. The first statistical weight matriy for the 0 0 Ui

first repeat unit in a chain requires replacing with the iden- \where the bond vectot, is defined as

tity matrix E;. The final repeat unit has a bond less than the

other repeat units. Therefore, the last statistical weight l

matrix (Uy; for PDM andUys for PDF) (and hencé&,; or L=]0 (29)

Gys) is dropped and the penultimate statistical weight matrix

(Uygor Uyy) is replaced by the same size identity matgix
The value of(r2), can be calculated as follows [18]

(%) = 227G G GEJ 1)
with J* andJ defined as the row and column
J' = [1 0 0 0] (22
_0_
0
J=1]o0 (23)
1
1
| 1]

consisting of the correct number of elements relative o,
in this case 15.
The conformational partition functiod is defined as

Z = JUE@UE Uy, (24)

whereU® is the product of the statistical weight matrices
for a £ bond repeat unit

u9=u, U, U, (25
and J and J are the row and column
1
J=[1 0 0 and J=|1 (26)
1

U andU$ are calculated in the same way @€’ (Eq.
(25)) for the ¢, bond first repeat unit and th& bond final
repeat unit, respectively.

In a similar fashion tdJ®), G is the product of thes
matrices for & bond repeat unit
G9=G, G,

Ge @7)

where for theith bond of the repeat unit, the 3515

and|T;|| is the pseudo diagonal matrix for converting bond
i + 1 into the same coordinate system as bbnd

T, 0 O
)

Imill = (30
T-240
with elements

cosé6, sin 6; 0
sin ¢

—CO0S¢

Ty =| sindicos¢ —cosecose (3D

singsing —cosé;sin ¢

The values ofr2), generated in this way were used to
calculate W,(0) values with Eq. (7), and from thede,
values were obtained (Fig. 4). The characteristic ratios for
the two polymersC,, were also calculated fromn2), values
using Eq. (32).

2
<rx>0
ni2 ’

wheren is the number of skeletal bonds in the chain #rid

the mean-square bond length. ValuesCofwere predicted

from the values o€, for large values o%, and were found to

be 5.7 and 6.9 for the PDM and PDF systems, respectively.
In the program, all of the matrices in Egs. (8)—(30) were

checked by hand to ensure they had the correct form. The

end-to-end distance, and the statistical weight of each of

the 19683 PDM monomer chain conformations were calcu-

lated and the value df?2), found to match that of the matrix

method outlined above.

C= (32

4.2. Monte-Carlo metropolis simulation

The second method used to calculgig0) was a MCM
approach using MSI’s program Insight 1l [39]. This method
is similar to the RIS method in that it assumes that the bond
rotations are of far greater significance than the bond
stretching, bond distortion, etc. and hence, the latter effects
can be ignored. Unlike the RIS method though, the MCM
method does not restrict bond rotation to three discrete
states, it allows full rotation of bonds through 360 agree-
ment with previous treatments, only short-range interactions
within the chains are taken into account in the form of first
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Fig. 7. Probability density distributiow, (r) for the PDM monomer calculated by the MCM methe) compared to the distribution calculated frgra),,
assuming that Gaussian statistics apply (—).

and second order (three and four bond) interactions. Insteadsignificant variation from the expected Gaussian
of using the statistical weight matrices to calculate the prob- distribution.

abilities of different conformations, the MCM method usesa W, (0) was calculated in two ways from the data obtained.
force field approach. The force field used here is the PCFF The first method used the value b (0) directly from the
force field, the polymer extension of the CFF force field, distribution W,(r), and the second used the value(cﬁ)o
which was parameterised for aromatic esters by Sun [40]. It generated from the simulation with Eq. (7), assuming a
has not been fully parameterised for the systems investi- Gaussian distribution of end-to-end vectors (Figs. 9 and
gated here with some torsions adopting the default para-10). The MCM model predicts cyclic concentrations that
meters, which appeared reasonable. The appropriate lineaare greater than that observed experimentally (especially
molecule was subjected to 100 000 MCM equilibrium steps, for the monomer) (Table 1), but the trends in the experi-
and then 500 000 steps were used to genékie) (Figs. 7 mental results are clearly reproduced by the model. The
and 8) andr2), at 405 K. The results show that the longer values ofC,, for PDM and PDF, calculated frog, values,
chains more closely fit the Gaussian assumption, Wit{r) are 6.3 and 7.6, respectively, which compare well with the
for the 15 bond PDM monomer chain (Fig. 7) showing values calculated from the RIS method (5.7 and 6.9). The
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2 6.0E-06 -
4.0E-06 4

2.0E-06 4

0.0E+00 T 8
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Fig. 8. Probability density distributiots(r) for the PDM pentamer calculated by the MCM methey tompared to the distribution calculated frgng),,
assuming that Gaussian statistics apply (—).
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Fig. 9. Molar cyclisation equilibrium constants plotted ask@gainst log for the PDF system (¢—), compared to the calculated values by the RIS method
(- -0- -) and the MCM method (using?), values assuming Gaussian statistics(--) and the distributioW,(r) (- -O- -) to find W, (0)).

effect of variation of the dielectric constant from 1 to 4.3 favourably to the interactions generated by the force field.

(the dielectric constant for chlorobenzene at 405 K) was The differences in the experimentd) values for the PDF

found to be very small, with all values within the errors of and PDM systems are predicted accurately by the models,

the calculation. All other calculations were performed with but the actual values df, are calculated to be higher than

the dielectric constant set to 1. found experimentally fox > 2 (Fig. 4). This difference may
arise from the excluded volume effects resulting in chain
expansion, and hence lower cyclic concentrations in chloro-

5. Concluding remarks benzene, which is not a theta solvent [34] for these polymers
so(rZ) would be expected to be larger thag),.

The RIS method and the MCM method correlate well for ~ The MCM method shows the calculated valuedNgfr)
all but the shortest chains (Figs. 9 and 10) showing that the for the monomersx= 1) to differ significantly from Gaus-
statistical weights used in the RIS method compare sian distributions (Fig. 7), giving low values &%,(0) in

Log x
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

4

Fig. 10. Molar cyclisation equilibrium constants plotted askg@gainst logk for the PDM system (#—) compared to the calculated values by the RIS¥--)
and the MCM method (using2), values assuming Gaussian statistics\(- -) and the distributiodV,(r) (- -O- -) to find W,(0)).
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