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Cooperative chiral order in copolymers of chiral and achiral units
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Polyisocyanates can be synthesized with chiral and achiral pendant groups distributed randomly along the
chains. The overall chiral order, measured by optical activity, is strongly cooperative and depends sensitively
on the concentration of chiral pendant groups. To explain this cooperative chiral order theoretically, we map
the random copolymer onto the one-dimensional random-field Ising model. We show that the optical activity
as a function of composition is well described by the predictions of this th€8i063-651X97)09602-5

PACS numbeps): 36.20-r, 61.41+e, 05.50+(q, 78.20.Ek

In a recent series of experiments, Gredral. found that  such a simple theory describes not only one but two different
polyisocyanates exhibit a very striking type of cooperativeclasses of polyisocyanates indicates that the theory accu-
chiral order{1]. Polyisocyanates can be synthesized with anyrately represents the physics of cooperative chiral order. In-
combination of right-handed, left-handed, and achiral pensight from the theory can guide the optimization of material
dant groups distributed randomly along the chains. The overProperties for technological applications, as discussed below.
all chiral order of the copolymers in solution, as measured by The sergeants-and-soldiers copolymer studied by Green
their optical activity, depends sensitively on the concentra&t al. is shown in Fig. 1[3]. This polymer consists of a
tions of the different types of pendant groups. Polyisocyan€arbon-nitrogen backbone with a pendant group attached to
ates formed from a mixture of right- and left-handed enanti-@ch monomer. The pendant groups can be either chiral or
omers follow a chiral “majority rule” [2]. The optical achiral; the b_ackbone_ltself is achlral_. Steric constraints force
activity responds sharply to slight differences in the concenth€ polymer into a helical conformation, which can be either
trations of the enantiomers, and is dominated by whichevefight- or left-handed. The helical structure of the polymers
enantiomer is in the majority. Similarly, polyisocyanatesCcan be investigated experimentally by measuring their opti-
with a mixture of right-handed chiral uniténown as “ser- ~ cal activity in solution. Because the right- and left-handed
geants” and achiral unitgknown as “soldiers’) are sensi- hehces_rotate t_h_e polarlzatlon_ of light in opposite d|reot|ons,
tive to very low concentrations of chiral unitd]. They have the opt_lcal act!V|ty is proportional to tho difference in the
a substantial optical activity even when the concentration oProportion of right- and left-handed helices. If all the pen-
chiral units is less than 1%. The optical activity of both sys-dant groups are achiral, the right- and left-handed helices
tems shows a high degree of cooperativity within the copolyhave the same energy. A long chain then consists of domains
mers. of right- and left-handed helicity, separated by occasional

In an earlier paper, we proposed a theory for the majorityhelix reversals.l On average, the proportions of righ_t- and
rule systenf4]. The basis of our theory was a mapping of thelof.t-handed hehcos are equal, leading to zero net optical ac-
random copolymer onto the random-field Ising model, afivity. However, if a fractionr of the pendant groups are
standard model in the theory of random magnetic systemghiral, there is a preference for one sense of helicity, which
[5,6]. Using this model, we predicted the chiral order of theleads to a net optical activity. Gree al. measured the op-
copolymer as a function of enantiomer concentration, infical activity as a function of . Their results are plotted in
guantitative agreement with the experiments, and showebid.- 2. The measured optical activity is extremely sensitive
that the sharpness of the majority-rule curve is determined by
two energy scales associated with the chiral packing of

monomers. In this paper, we show that the same type of ?l) \ / fl) \
theory can also explain the chiral order of the sergeants-and- N—C—j N—C—
soldiers system. Using the random-field Ising model, we pre- r 1-r
dict the chiral order of these copolymers as a function of the  y,,,

concentration of chiral pendant groups. We show that the {(R)

measured optical activity is well described by this prediction )
with a reasonable choice of parameters.

As the material properties of polymers generally depend
on a wide variety of chemical and geometric parameters, the
present result is remarkable in that it explains the complex FIG. 1. Molecular structure of the sergeants-and-soldiers co-
behavior of polyisocyanates in terms of a one-dimensionapolymer that was studied in Rgf3]. A fractionr of the pendant
theory with only two material-dependent parameters. Thayroups are chirafright-handeg and 1—r are achiral.
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able; it is fixed by the polymerization of each chain and does

600 [ 1= not change in response to changegjn The magnetization
500 - /' of the Ising model,
400 ;/ 1 N
300 __ Y/ SE— Approx. theory (2J=4) ' M= N < .21 Ui> ’ 2
200 ; ——- Simulation (2J=4) 404 s
o . — — Approx. theory (2J=2.5) 1 0p & corresponds to the chiral order parameter that is measured by
i 100 "o 2;?::?;:2’:“(2#2'5) 1™ % the optical activity. To predict the optical activity, we must
= 0 —400 T calculateM.
E 600 g Before proceeding with the calculation, we note that
8 g and J are approximately known from earlier studies. The
g 500 I parameter B is the energy cost of a right-handed monomer
400 i 5 in a left-handed helix. Through molecular modeling, Lifson
et al. calculated 2~0.4 kcal/mol[7]. The parameter 2is
300 the energy cost of a helix reversal. Through fits of the optical
200 activity of deuterated homopolymers as a function of tem-
L peratureT, Lifson et al. obtained d~4 kcal/mol[8]. The
100 - precise value of 2 depends on the solvent: it is higher for
0 hexane and lower for chloroform. The majority-rule experi-
ment used hexang], while the sergeants-and-soldiers ex-
0.00 0.05 0.10 0.15 periment used chloroforfB]. The solvent dependence will
Chiral monomer concentration r be discussed further below. At room temperatutkiZmuch

greater tharkgT~0.6 kcal/mol, but A<kgT. Thus, helix
FIG. 2. The symbols show the optical activity]p of the  reversals are quite costly in energy, while the chiral bias of a
sergeants-and-soldiers copolymer as a function of the chiral monasingle monomer is fairly small.
mer concentration for T= 20 °C from Table | of Ref[3]. (Data To calculate the chiral order parametdr, we follow a
for r=0.373 and =1 are not shown.The first pair of linesdotted  procedure analogous to our earlier calculation for the
and dot-dashedshows the_ predictions for the chlra_l orde_r param- majority-rule systenj4]. First, we note that each chain con-
eter M from the approximate theory and the simulation Wlth sists of domains of uniform helicity; . Suppose that each
2h=0.4 kcal/mol, 27=4 kcal/mol, andN=1000. The second pair - yomain has length., which is to be determined. Each do-
of I|ne§ (dashed and SOI)dShOWSf the pred|ct_|ons fowt from the main responds to the total chiral fighg,= =h; of the mono-
approximate theory and the simulation witth20.4 kcal/mol, mers in it. Because the domain is uniform. the response is
2J=2.5 kcal/mol, andN=1000. The relative scale of the two ver- ’ . L ) p_
M(hi) =tanhy,/ksT), equivalent to a single spin in a

tical axes is the maximum optical activity observed. The secon . . I S
choice of parameters gives good agreement between theory afpagnetic field. Averaging over the probability distribution

experiment. P(hyy, we obtain

® h
to low concentrations of chiral pendant groups=0.15 sz dhtotP(htot)tanl‘(k“_’lt_). 3
gives almost the same optical activity as the pure chiral ho- - B

mopolymer withr=1 (not shown in Fig. 2 and even . o . . . .
r=0.005 gives a substantial optical activity. The probability d|str|put|onP(htot) is a binomial distribu-
tion. It can be approximated as follows.

To explain this cooperative chiral order, we map the ran- ) hi d ins d h
dom copolymer onto the one-dimensional random-field Ising ©aS€ A: rl=<1.n this case, most domains do not have

model. In this mapping, the Ising spin corresponds to the &MY C[‘iral monomers. e havi, =0 with pLyr_olbabiIity
local sense of the polymer helix at monomierr, = +1 rep- (177" hig=h with probability Lr(1-r) "% and
resents a right-handed helix ang= — 1 a left-handed helix. Mo™2h with negligible probability. We can therefore ex-
The Hamiltonian for a copolymer of length can be written  Pand Ea.(3) in powers ofrL to obtain

as h
MmrLtanlkB—T. (4
N—-1 N
HZ—JEI Ui¢’i+1‘§1 hio;. (1) Case B: rl>1. In this case, most domains have many

chiral monomers. The binomial distributid?(h,,) can then
be approximated by a Gaussian with médrr and standard

The first term in this Hamiltonian gives the energy cost of adeviationh[Lr(1—r)]*% Around the peak of the Gaussian,
helix reversal, and the second term gives the local chiral biag/ariations in the tanh in Eq3) are negligible. Hence, we
an effective field favoring one sense of the helix. If monomerobtain

i is chiral (with probability r) then its chiral bias is

hi=+h, and if the monomer is achirawith probability M ~tan rLh )
1-r) thenh;=0. The fieldh; is a quenched random vari- PLB_T-
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Note that Eqs(4) and (5) resulting from case# andB simulation) There is some discrepancy between the approxi-
are quite similar. The limit of Eq(5) for small rL is  mate theory and the simulation for larger values ofThis
M=rLh/kgT, which is equivalent to Eq(4) provided that discrepancy arises because the simulation implicitly includes
h=<kgT. This is valid in the experiments. Hence, it is a goodthe dependence &f onr andh, so it is more precise than the
approximation to use Ed5) for the whole range ofL. approximate theory.

We must now estimate the characteristic domain &ize Because we have fairly good agreement between the ap-
The domain size is determined by the density &f domain  proximate theory and the simulation, we can now compare
boundaries. Two mechanisms contribute th:18) the den-  the theory and simulation with the experimental data in Fig.
sity 11y, of helix reversals induced by thermal fluctuations 2. For this comparison, the relative scale of the optical-
and (b) the density IN of chain ends. For low densities, activity axis and the order-parameter axis is the maximum
these mechanisms should be additiaéthough they will in-  optical activity observed. With the parametets=20.4 kcal/

teract for higher densiti¢sHence, mol and 21=4 kcal/mol, the theory and simulation do not
agree with the experiment. The prediction for the chiral order
1 1 N 1 © parameter saturates much more rapidly than the data for the

optical activity. If we used the experimental chain length
N=3000-10 000 instead of 1000, the disagreement would
Forr=0, the thermal domain size Is;,=e?’/*sT. For small  be even slightly worse. There may be two reasons why this
nonzeror, we can use this value &fy, as an approximation. choice of parameters gave good agreement between theory
If 2J=4 kcal/mol, this size is approximately 2800 mono- and experiment in our earlier study of the majority-rule sys-
mers atT=—20 °C and 960 monomers @t=+20°C. By tem but poor agreement for the sergeants-and-soldiers sys-
comparison, the chain length ranges from 3000 to 10 000 tem. First, the chiral order of the sergeants-and-soldiers sys-
in the experimen{3]. For these values of,, and N, the tem is dominated by the thermal domain slzg= g2J/keT
domain size_ is dominated by, but is somewhat sensitive Which is exponentially sensitive td. Thus, small errors in
to N. J have a large effect on the theoretical prediction. By com-
We can point out an important difference between theparison, the chiral order of the majority-rule system is domi-
sergeants-and-soldiers system and the majority-rule systenated by the random-field domain sizg~ (J/h)?, which is
considered in our earlier pappf]. In the majority-rule sys- less sensitive to small errors ih Second, as noted above,
tem, the copolymer has both right-handed monomers wittthe two experiments were done in different solvents: the
h;=+h and left-handed monomers with=—h. The com- majority-rule experiment used hexane while the sergeants-
petition between these fields of opposite signs gives @&nd-soldiers experiment used chloroform. Experimental
random-field domain sizé s~ (J/h)?~100. Becausé ; is  studies of deuterated homopolymers show that the helix re-
much less tharLy, and N, the domain size is limited by versal energy is lower in chloroform than in hexaf&.
random-field effects. By contrast, in the sergeants-andHence, the disagreement between theory and experiment is
soldiers system, the copolymer has only one type of chiraprobably due to errors in the parameters, particularly
monomer, so there is no competition between fields of oppo- To find more accurate values bfandJ, we fit the ap-
site signs. For that reason, the sergeants-and-soldiers copolgroximate theory to the experimental data using the follow-
mer has no random-field domain size: its domain size is liming procedure. First, we normalize the data for the optical
ited only by thermal fluctuations and by the chain length.activity by the maximum optical activity observed, to obtain
The domain size is therefore much larger in the sergeantsn estimate oM. Next, we determinglM/dr atr=0 from
and-soldiers system than in the majority-rule system. the data at each temperature. This giv#sl/dr~54 at
Equations(5) and (6) give a prediction foM as a func- T=-20°C anddM/dr~26 atT=+20°C. The approxi-
tion of r, h, J, and N. This prediction involves certain mate theory givesiM/dr=hL/kgT=(h/kgT)e?’*eT in the
approximations—in particular, it neglects the dependence afmit of large N. Thus, by setting the theoretical prediction
L onr andh. To test this approximate prediction, we per- for dM/dr equal to the experimental value, we obtain a lo-
form numerical simulations of the random-field Ising model.cus of allowed points in theh(J) plane for each tempera-
In the simulations, we construct an explicit realization of theture. Those loci are plotted in Fig. 3. Note that those two
random fieldh;, then calculate the partition function and curves lie almost on top of each other. They intersect at
order parameter using transfer-matrix techniques. We the&h=0.7 kcal/mol and 2=2.2 kcal/mol, but that intersection
average the order parameter over at least 1000 realizations isfvery ill defined numerically. Any point along those curves
the random field. In the first series of simulations, we usewvould give a good fit to the experimental data. For example,
2h=0.4 kcal/mol and 2=4 kcal/mol, as in our earlier 2h=0.4 kcal/mol and 2=2.5 kcal/mol is a reasonable
simulations of the majority-rule system. As discussed aboveghoice, which agrees with the molecular modelidgand is
these parameters are expected to be approximately correctughly consistent with the experiments on deuterated ho-
for the sergeants-and-soldiers system. Figure 2 shows theopolymerg[8]. Other points on the curves with lower val-
simulation results together with the predictions of the ap-ues of 2 and higher values of 2would also be satisfactory.
proximate theory for N=1000, T==*20°C, and To test the agreement between theory and experiment for
r=0-0.15. In most respects, the approximate theory agredhis choice of parameters, we perform a series of simulations
with the simulation. In particular, the approximate theorywith 2h=0.4 kcal/mol, 2=2.5 kcal/mol, N=1000,
predicts the slopelM/dr at r=0 in agreement with the T==*=20°C, andr=0-0.15. (With these parameters, the
simulation. (Results forN=100, not shown, give equally thermal domain size isLy=144 at T=—-20°C and
good agreement between the approximate theory and tHg,=73 atT=+20 °C, which is much less thaN, so the

L Ly N
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L B L B plication because of the sharp dependence of optical activity

1.0 - — From T=—20°C. data | on composition near the racemic point. To optimize polyiso-
I — — From T=+20°C. data | cyanates for this application, one must knbvandJ for a
0.8 - .
= I | variety of pendant groups. So far,and J have only been
‘\é 0.6 L . measured in experiments on deuterated homopolymers, in
s - 1 which h=kgT/L [8]. If h is larger, the optical activity of a
f 0.4 - 7 homopolymer is saturated M =1, and no information can
o o2 K ] be extracted from it. Hence, larger valueshotan only be
L ] calculated by molecular modeling7]. Our theory of
0.0 F - sergeants-and-soldiers copolymers provides an approach for
R determiningh and J. Future experiments can synthesize
2.0 25 3.0 35 40 sergeants-and-soldiers copolymers with two chain lengths,

2J (kcal/mol) N<L;, andN>Ly,, and several values of The parameter
h can be determined by fitting the optical activity of the short
FIG. 3. Loci of values qf A and 2J that give good agreement chains, and the combinatiorh/Q(BT)eZJ’kBT can be deter-
between theory and experimentt +20 °C. mined by fitting the optical activity of the long chains.
Through this procedure, experiments can charactériaad
results are not sensitive 18.) The approximate theory and J of a variety of polyisocyanates for use in an optical switch.
the simulation results are plotted together with the experi- [N conclusion, we have shown that our theoretical ap-
mental data in Fig. 2. With these parameters, the approxiProach, based on the random-field Ising model, can explain
mate theory and the simulation both agree with the eXperigooperatlve ch|ral_ order in the sergeants-and-s_oldlers system
ment. As expected, for larger values of the simulation @S Well as the majority-rule system. The sharp increase of the
agrees with the experiment even better than the approxima tical activity as a function of chiral monomer concentra-

; e depends on the characteristic domain dizewhich is
theory does. Thus, the measured optical activity is well dellon dei ; .
scribed by our theoretical approach with reasonable para determined both by thermal fluctuations and by the chain

oters n1éngth. This increase is well described by our theoretical pre-

This theory of cooperative chiral order may be useful ford'CtIon with suitable values of the energy scakeand.J.
technological applications. Zhang and Schuster have pro- We thank M. M. Green, B. R. Ratna, J. M. Schnur, R.
posed a mechanism for an optical switch, which would beShashidhar, and M. S. Spector for many helpful discussions.
controlled by circularly polarized ligh®9]. The majority-rule  This research was supported by the Naval Research Labora-
system of polyisocyanates would be well suited for this aptory and the Office of Naval Research.
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