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The coupling between proton binding and conformational degrees of freedom in polyprotic molecules and
polyelectrolytes is studied theoretically. Our approach combines the classical rotational isomeric state (RIS)
model developed by Flory and the site binding (SB) model used to treat proton binding equilibria. The properties
of the resulting SBRIS model, which treats conformational degrees of freedom and proton binding on equal
footing, are studied with statistical mechanical techniques. Quantities of interest, such as titration curves,
conformational probabilities, or macroscopic binding constants, are expressed as thermal averages and are
evaluated by direct enumeration of states or by transfer matrix techniques. We further demonstrate that in the
SBRIS model conformational degrees of freedom can be averaged out, leading to the contracted description
within the SB model. In most cases, this contraction leads to higher order interactions, which may not be
present at the SBRIS level (e.g., triplet interactions). Several examples are discussed to illustrate the concepts
developed. The case of succinic acid exemplifies the situation in its simplest form. The model can further
rationalize the very different titration behavior of poly(acrylic acid) (PAA) and poly(methacrylic acid) (PMAA).

In particular, the characteristic “jump” in the titration curve of PMAA is described quantitatively and is
interpreted in terms of a conformational transition.

Introduction rotational states (i.e., trans and two gauche conformations). The

. 5 chain is then parametrized in terms of the (free) energies of the
piclnrr:etehri dltﬁiousﬁ dirt:tlgsgiw;gut?e ?onnﬁzgfgghglsgzszac\;feweakindividual rotational states of the bonds, and the interaction
polyelectrolytes. They introduced a site binding (SB) model energies between neighboring pairs of bonds. The interactions

: . N . . are usually repulsive, since they mainly originate from excluded
which defines the ionization state as a sequence of interacting . . " )
. - . o oA . _“volume interactions between side groups. On the basis of these
sites, each of which characterized by its individual protonation

state (i.e., protonated and deprotonated). The polyelectrolyte isassumpnons, the necessary thermal averages can be evaluated

. . X S with statistical mechanical techniques, mainly with transfer
then parametrized in terms of a microscopic ionization constant matrix methods. The RIS model has been suceessfully used to
of the individual site and the pair interaction energies between ; y

neighboring sites. Coulombic interactions between the chargedL?qt;?:aéﬁshaa‘g”?é rar:gt(iao?]frp:clj)iﬁ;c%lipg?gtxgﬁqsecr)]i thglg?zl\égﬁal
groups make the latter repulsi¢€.The necessary thermal ’ 'S gy dip P v,

i i 1-13
averages can be evaluated with statistical mechanical techniques"flnd birefringence:

including direct enumeration and Monte Carlo simulations. In  Effects of coupling between ionization and conformation have

the meantime, such SB models have been used widely to addresB€€n pointed out repeatedly for polyprotic molecules as well
titration curves obtained from potentiometry and nuclear aS fo_r weak polyelectrolytes. One important illustration is the
magnetic resonance of polyprotic molecules, polyelectrolytes, SWelling of polyelectrolytes as they ionize. For example, poly-

and proteing 10 (acrylic acid) (PAA) as well as poly(methacrylic acid) (PMAA)
During the same period, Flory has developed the rotational SWell with Inereasing pH, as documented with viscosity
isomeric state (RIS) model of polymeric chaisThis model measurements:'®In the case of PAA, one observes a gradual

treats a neutral polymeric chain as a sequence of interactingswe”ing with increasing degree of ionizati&hThis trend was

bonds, each of which is being characterized by a discrete set ofduantitatively reproduced by Monte Carlo simulatiér@n the
other hand, PMAA swells very suddenly at a particular degree

* Corresponding author. Phonet41 22 379 6405. Fax:+ 41 22 379 of ionization and shows an unusual jump in the potentiometric
6069. E-mail: michal.borkovec@unige.ch. Web: http://colloid.unige.ch/. titration curvel® This jump has been surmised to be driven by
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Figure 1. Schematic representation of the different levels of description
for two different states of a hypothetical isotactic pentacarboxylic
acid: (a) chemical formula; (b) conformational structures; (c) SBRIS-
level description (rotomicrostate); (d) contracted SB-level description
(microstate). Filled circle refers to a protonated site, and a open circle
to a deprotonated site. A straight line represents a trans conformation
and a wavy line one of the two gauche conformations.

Garces et al.

including small polyprotic acids or bases as well as weak
polyelectrolytes.

We shall further discuss the consequences of averaging over
the conformational degrees of freedom. In this situation, the
conformations are no longer explicitly considered, and the
molecular states are now specified by the protonation state of
each group only (see Figure 1d). Such a state is commonly
referred to as anicrostate while the so-calleanacrostatgust
specifies the total number of bound protons. From the averaging
process, the classical SB model is recovered. However, the
microscopic ionization constants and the interaction parameters
entering the classical SB model are specific averages of the
corresponding parameters over the different conformers. This
averaging process may lead to multisite interactions, such as
the triplet interactions, which were introduced on formal grounds
earlier?® Another example of the emergence of interactions is
the classical model of allosteric binding to protef?s3 The
classical model for hemoglobin comprises four noninteracting
sites, and they are assumed to have different affinities in two
different conformations. Due to the averaging over the confor-
mational states, a cooperative interaction emerges. Many of our
conclusions with be exemplified with the simplest SBRIS model,

attractive hydrophobic interactions between the methyl groups. While we shall further discuss a more realistic SBRIS model
Its resemblance to a first-order phase transition has attractedfor PAA and PMAA. It will be shown that the model can capture

substantial attention among theorikts!® A similar phenomenon

is the helix-coil transition, which has been amply discussed in
the biochemistry literature, particularly for poly(peptidésJhe
classical example is poly{glutamic acid), which shows a
similar jump in the titration curve as PMAA.22 The helix-

coil transitions were interpreted in terms of an energy balance
between repulsive electrostatic interactions and attractive hy-
drogen bonding, and they are ubiquitous in proteins and poly-
(saccharides).

The coupling between the ionization and conformational
degrees of freedom has been further studied for diprotic and
triprotic acids and basé$:26 All these studies conclude that
the ionization process is normally accompanied by conforma-
tional changes. For example, for succinic acid it was shown
that the gauche conformer is favored at low pH, while at high
pH the trans conformer dominat&s?4 NosZd et al?” have
documented the pronounced conformational changes of amino
acids as a function of pH. Thus, a specific protonation state of
a molecule normally corresponds to a mixture of different
conformers and is only rarely represented by a single conformer.

In this paper, we present a unified framework to address the
coupling between the ionization and conformational degrees of
freedom from the statistical mechanical point of view. We
propose a discrete site-bond model, which is a combination of
the SB and RIS models. The model will thus be referred to as
the SBRIS model, and it treats proton binding on sites and
discrete rotational states of the bonds on equal footing. The spiri
of the model is summarized in Figure 1 with a hypothetical
pentacarboxylic acid. The carboxyl groups can be protonated
or deprotonated. This molecule can be in different conforma-
tions, depending on the rotational state of the carbon bonds alon
the chain. Two specific examples of protonation and confor-
mational states are indicated in Figure 1b. When the protonation
and conformational states of each site and bond are specified,
one refers to aotomicrostate?” The SBRIS model considers
the ionization and conformational degrees of freedom as discrete

t

the behavior of both polyelectrolytes very well.

2. Site Binding (SB) Model of Protonation Equilibria

The protonation of a polyprotic molecule has been amply
discussed within the framework of the site binding (SB)
modell~46-10 For completeness, we provide a brief review of
this model here.

Each ionizable site is labeled by an index 1, ...,N, where
N is the total number of ionizable sites. The protonation state
of each site is characterized by a variaklewhich is chosen
such thats = 0 when the site is deprotonated ase= 1 when
it is protonated. The collection of state variablgs ..., s\,
abbreviated as, uniquely specifies the protonation state of the
molecule, commonly referred to as theicrostate The free
energy of a polyprotic moleculg(s) is commonly written as a
cluster expansion

In 10

1 x
- lljks%s( + aee
. ; @)

which is conveniently defined in terms of the following
dimensionless coefficients. The parametr & log K; is the
common logarithm of the microscopic association constant of
the sitei given all other sites are deprotonatég,is the pair
interaction parameter, whifgy values are the triplet interaction
parameters. In most discussions, the triplet and higher order
interactions are neglected, but they are sometimes necessary to
achieve a proper description of proton binding. Their signifi-
cance will be discussed below. Note that all these coefficients
are invariant with respect to permutations of their subscripts,

= z &8s+

]

_ 1
- ZpKisﬁ‘Z

%nd they vanish whenever two of their indices are equal.

The associated semi-grand-canonical partition function reads

=Y e’ 2)

S

[1]r

variables, in terms of which each protonation and conformation whereay, is the activity of protons related to pH —log ay,
state can be uniquely specified (see Figure 1c). On the basis off~1 = kgT the thermal energy, am= ¥ s is the total number

this description, we obtain detailed insight into the coupling
between the ionization state and the molecular conformation,

of protons bound by the microstase The associated thermal
average is
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0= Z B(S) ... ©) be defined by introducing a restricted partition function
S

v =S e M (13)

[1]r

where the probability of an individual microstate is

p(s) = E_laﬂ g /ro (4) which is an ordinary partition function of a subchain with
sites numbered from the left to the right and where the state of
An important thermal average is the degree of protonation  the last site is fixed ta,. = 0 or 1. In the case of nearest
. neighbor interactions, the partition function can be simply
dlnE obtained through a recursion relation

1 N
=— (®)

0=

D=aH
leg N oday

[1]:

NV = By (14)

which can be measured by potentiometric titration.

For molecules with a finite number of sites, all states can be
enumerated, and it is useful to expand the partition function in
powers of the proton activity

whereZy is a row vector with the elemen&y(0) and=y(1)
andV is the transfer matrix. We use Flory’s convention, where
the transfer matrix is applied to a row vector from right, and
thereby adds a site and a bond to the chain in the same direction.
N The recursion relation is initiated with a suitably chosen
= K.ah (6) initiating row vectorq™ and terminated by a column vector

n= The superscripted T denotes a transpose. Thus, the partition

function of a chain withN identical sites can be written as
yielding the so-called binding polynomi&f2 The coefficients unett n WIEN I ! w

collect all terms of the partition function with a given number
of bound protons, which are referred to as macrostates. They
are commonly interpreted as the formation constants of & gqr |ong chains, the partition function can be evaluated from
macrospecies and are related to the commonly reported macypq largest eigenvalud of the transfer matrix

roscopic K values by K, = log(K/Kn-1). The macroconstants
can be expressed in terms of the microconstants and the
interaction parameters, namely

- from which the degree of protonation can be obtained by

E=q'V'p (15)

[

~ AN (16)

Ki= Z Ki ) differentiation.
! The archetypal case is the linear chain with nearest neighbor
with pKi = +log Ki, then pair interactions. In this case, the transfer matrix reads
K.=S K. (8) _|1z
2 £ i V [1 uz (17)
with & = —log @; and where z = Kay is the reduced activity with Idg = pK
_ o representing the binding constant ang= —log u is the pair
K;= Z I K 0 B 9) interaction parameter. The matrix can be read in the following
i*T=k fashion. The left column describes the effects of adding an
s . . ) . empty site. In this case, the free energy does not change and
with 4j = —log W;. The probability of a given microstate can  ho matrix elements are unity. Upon addition of an occupied
be decomposed site to an empty site, no pair interactions have to be considered,
o ~ and the contribution to the partition function 2s When one
VOREACLACH (10) ’

adds an occupied site next to an occupied site, one must consider

pair interactions as well, and the contributiomis The initiating

and terminating vectors are (1, 0) and (1T.1When finite

systems are considered, the binding constants of oligomers can

P (a,) = E’anaﬂ (11) be eyalugted, while from t.he. dgrivatiye pf the Iarges.t eigenval.ue,
the titration curve of the infinite chain is found. This model is

It is further customary to define microscopic constants for each identicalo ;g’ the classical one-dimensional Ising model of a
site within a particular microstate, and these constants can beMagnet®**When higher order interactions are present, transfer

into 7zn(S) the conditional probability to find a microstate within
a macrostat@, and the probability to find the macrostatas

written as matrixes involving several sites are necessary, as discussed
elsewhere?
_ _ . 1.
PKi(s) = pK; — Z €S — > Z LSS~ - (12) 3. Rotational Isomeric State (RIS) Model of
] 3

Conformational Equilibria

The number of microstates is on the order %fa@nd this number Let us now recall the basic notions of the rotational isomeric
becomes enormous for a larger molecule. For this reason, thestate (RIS) model of conformational degrees of freedom. More
above quantities referring to individual microstates are no longer details can be found in Flory’s monograph.

useful. However, the degree of protonation (cf. eq 5) remains Each chemical bond is labeled by an index= 1, ..., M
well-defined and can be always evaluated by Monte Carlo within a molecule containingyl bonds. The discrete rotational
simulations. For linear structures, thermal averages can also bestate of each bond can be described by a state vegtoith a
found by transfer matrix techniques. The transfer matrix can dimension corresponding to the number of states of the bond,
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which is typically three, namely, trans, gau¢thand gauche

The statec, vector contains zeros everywhere, except unity at
the position of the actual rotational state. For example, the
column vector (1, 0, G)represents a bond in the state trans,
while (0, 1, OY refers to the state gaucheThus, the collection

of the state vectors;, ..., cy abbreviated ag specifies the
conformational state of the molecule. The conformational free

Garces et al.

h= (y + w)/2 is the statistical weight of the pair interactions.
The interpretation of this matrix is identical to the above case
of proton binding. Since the trans bond is taken as reference,
adding this bond does not change the free energy. Adding a
gauche bond to a trans one leads to a contribution of its statistical
weight, and two consecutive gauche bonds also include the pair
interaction energy. The initiating and terminating vectors contain

energy of a molecule can be also written as a cluster expansionthe elements (1, 0) and (1, 1). Again, this model is identical to

1
F(o)=— focy + 5 ; HopiCuCs ... (18)

wheref, is the coefficient vector of the free energies of the
individual rotational states of the boredand the matrixHqs

the one-dimensional Ising chaif3!

4. Protonation and Conformation Acting Together

A molecule in a specific protonation and conformational state
can be characterized by the state varialslesdc. This state
will be referred to as aotomicrostate Since the different

contains the interaction energies among the different rotational cqnformers are independent species, one can apply the same
states between bondsandf. The symbols and : denote the  jgeas as developed in section 2 to each conformer separately.

vectqr qnd mautrix contractipn, respectively. Higher order Tpg free energy of an ionizable molecule has been expressed
contributions have not been discussed so far. Note that the lattef,ithin the SB model as a cluster expansion in terms of the state

matrix is invariant upon exchange ofandp.
The partition function for the conformational degrees of
freedom reads

= =% g RO
E=>e
Cc

with the associated thermal average

0= z PC) ... (20)
Cc
where the probability of a given conformation is
PO =t e 7O (21

Flory was discussing numerous thermal averdg@&he simplest
example of those is the fraction of a given conformational state,
represented here as a vector

1M
=— ¢ [OJ
Y M; o

whereM is the number of bonds affecting the conformational
state of the molecule.

For linear chains, one can again employ the transfer matrix
technique to evaluate the partition function. For a symmetric
aliphatic carbon chain with rotational states, gnd g, Flory
has introduced the transfer matrix

(22)

lo o
U=11 oy ow
1 ow oy
where —KT In ¢ = f is the free energy of either gauche state

(23)

variabless (cf. eq 1). Since each conformational statés
independent, the same form holds for each conformation
separately, namely

BF(s.0)

In 10 2 198

1]

1
+ a1 Z Ai(C)S3§S8 — - (25)
s

N 1
Z pKi(c)s + 21

where we have assumed that the coefficients can be different
for the different configurations. The reference state of this
free energy is the fully deprotonated state of each conformer,
but the conformers might differ in their free energies as well.
This contribution can be described by the RIS model expression
given in eq 18. The total free energy of the molecule is thus
given by the sum

F(sc) = F(c) + Fy(s©o) (26)
where the deprotonated molecule with all bonds in the trans
state is used as the reference state for the conformations.
Depending on the situation, other reference states might be
useful. This free energy is the basis of the SBRIS model
introduced here. Of course, this splitting of the free energy is
arbitrary. Alternatively, one could bind the protons first, and
then consider the conformation. However, we find the present
representation more intuitive.

So far, we have not specified the dependencies of the
coefficients entering eq 25 on the conformatioas Two
approaches can be adopted. The first approach is to consider a
set of coefficients Ki(c), €;(c), and eventuallyij(c) for each
conformational statec. This approach is useful for small
molecules with a limited number of conformational states. For

with respect to the trans state, given all other bonds are alsojarger molecules, however, the number of conformational states

trans. The parameteygsandw characterize the nearest neighbor
pair interactions between bonds. TherebkTIny = Hy 1 =

H__ represents the pair interaction energy of two consecutive
g" or g~ conformations, and-kT In w = H4+— = H_; of two
consecutive § and g conformations, or vice versa.

is very large, and one would have to deal with an overwhelming
number of parameters. For this reason, an alternative approach
is to keep only terms to a given order gnand c in the free
energy.

Let us discuss the expansion to third order. Since terms

For a symmetric chain, both gauche states can be combinedinvolving the binding constantskp(c) are linear in the proto-

into one, and the model can be mapped exactly onto a modelnation state variables, we have to consider terms i, to
with two states t and g. The corresponding transfer matrix readssecond order, namely

_[1g
v [1 gh] (24)

whereg = 20 is the statistical weight of the gauche state and

pKi(0) = pK? + Y m®c, + ; Ay (27)

whereby we have introduced the microconstat®of the fully
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deprotonated state in an all-trans configuration, a vewigt, 1 N

and the matrbxA®”, which is symmetric upon exchange of the Y=y Z (¢, 1 (34)
coefficientsa. and 8 and vanishes when these coefficients are “
equal. The vectom(® describes the shift of the chemical
potential of site upon change in the rotational state of band
and will be referred to asonformational shift parameter§he
matrix A describes the correction to this shift due to

rotational state of bonds and/s and thus will be referred to as v the total number of protons is fixed, while forgicrostate

shift cor_reqnon pa_rametersThe pair Inte_ract|on Energies are o protonation state of each individual site is fixed. When
quad_rat|c Ins. S!nce terms up to third order are be'f?g conformations and protonation are treated explicitly, one consid-

considered, only linear correction terms have to be taken into . .o therotomicrostates Thereby, for the protonation state of
account each individual site also the rotational state of each bond is
© @ specified. One could also discuss other possibilities of defining
€(C) =« + Z di” Cy (28) similar states, for example, where the total number of protons
« and the rotational states are fixed or where only the rotational

. ) states are specified, but we will not discuss these alternatives
The elements of the coefficient vectdﬁ’“ will be referred to here.

as thepair coupling parametersand they represent the change  The probabilities of a given rotomicrostate can be again split
in the interaction energy between siiesndj upon change in into

the rotational state of bonal. This quantity is symmetric i

andp and also vanishes when these coefficients are equal. The p(s.C) = 7(SOP(ay) (35)

fact thatd{" do not vanish probably represents the main reason ’ " "
for the coupling between proton binding and conformations.
For this reason, terms of at least third order must be kept in the
free energy expansion. The triplet interactions are already third
order ins and thus can be assumed to be constants

represent the fraction of bonds in a given rotational state.
4.1. Macrostates, Microstates, and Rotomicrostates=or

systems with a small number of sites, it is useful to enumerate

the macrostates and microstates. Recall that foraarostate

wheremy(s,C) is the conditional probability of a rotomicrostate
within a macrostate andPn(a4) the macrostate probability (cf.
eq 11). We can further resolve the conditional probability as

7(0) = 19 (29) 7(5€) = 75 (9)y(©) (36)

For the matter of completeness, we should mention that the Where ”f_'(c) is the conditional probability to find a certain

cluster expansion to third order also does include triplet protonation state for a given conformatiort and macrostate

interaction between the bonds, which would be described by an and

third rank coefficient tensor entering eq 18. However, for the B

matter of simplicity, this tensor will not be invoked here. The pa(0) =K ! Z e ﬁF(S’C)ényzﬁ (37)

above expansions introduce three important parameters respon- s

sible for coupling between the protonation and conformational

degrees of freedom within the SBRIS model, namely, the is the probability to find the conformatiarwithin a macrostate.

conformational shift parameters, shift correction parameters, andSumming eq 36 over all conformations, we find

pair coupling parameters. To third order, no other parameters

are necessary. 3 7.9 = z JTS:)(S)PH(C) (38)
As soon as the free enerdy(s,c) has been specified, one T

can evaluate the semi-grand partition function in the classical

way as Thus, the important consequence of this equation is that each
microstate can be decomposed into contributions of different
= z ale Fre9 (30) rotomicrostates. In other words, a microstate is a collection of
ST rotomicrostates, quite in analogy to the fact that a macrostate
is a collection of microstates. Finally, we observe that the
where the associated thermal average is probability to find a certain conformation can be written as
0.0= z p(s,C) ... (31) 1 N
S y(c) = N pn(C)Pn(aH) (39)
Es

with the probability of a conformational microstate
and its pH dependence is given by the macrostate probabilities.
p(sc) = = 'afle Fre9 (32) 4.2. Transfer Matrices. The partition functions can be again
directly enumerated or evaluated with the transfer matrix

wheren is the number of protons bound by the microstate. The technique. On the SBRIS IeVel, the transfer matrix is constructed

average degree of protonation can be expressed as eaSily. One Slmply has to consider the Supermatrix ConSiSting
of four submatrixes, namely, describing the addition of a bond
1 N 9Nz and a sitdUgg, Ug1, U1o, andU+1, which consider addition of a
0=— — (33) deprotonated site to a deprotonated site, a deprotonated site to
N = N oday a protonated site, a protonated site to a deprotonated site, and

a protonated to a protonated site, respectively. Thus, the overall
while elements of the vector transfer matrix reads
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Uogo Yoz U Uxz dependent parameters. However, the correspondence is not
V= [Ulo U11] - [U U*z*u] (40) simple, and given by eqgs 44, 45, and 46. Second, even when
the cluster expansion of the SBRIS model terminates, the cluster
whereU is the Flory matrix describing the conformations (cf. expansion of the SB model does generally not. For example,
eq 23),z the reduced activity matrix, andthe pair interaction one can obtain triplet interactions in the SB model even when
matrix. The term-by-term product matr&@ = AxB is defined no such interactions have been be considered in the SBRIS
by its elementss; = a;bj. The elements of the activity matrix ~ model. In general, it will not be possible to represent the system
are given byz,s = Kagan WhereKg is the affinity constant of ~ on the SB level exactly, as higher order interactions will be
the corresponding conformation, while the elements of the pair present in the general case. However, one surmises that the
interaction matrixu,s denote the protonproton interactions in higher order contributions will be small, and in most cases the
the particular conformations. If the chains are not isotactic, or cluster expansion is expected to converge rapidly. Only few
multiple bonds link the ionizable sites, a sequence of different coefficients should be sufficient to represent the system to good
transfer matrixes must be considered. The arguments follow accuracy.

exactly the discussion by Flo#.lllustrative examples will be Naturally, it would also be possible to average over the
given below. binding degrees of freedom and obtain a contracted RIS model.
4.3. Contracting Conformational Degrees of Freedomin In this case, however, the effective parameters entering the RIS

section 2 we have summarized the SB model of proton binding, become pH dependent. This approach will not be considered
where no conformational degrees of freedom were considered.here.

Obviously, when the conformational degrees of freedom are

averaged out from the SBRIS model, one must obtain the SB 5. Simplest Four-State SBRIS Model

model. In particular, one can express the parameters entering | ot us now illustrate the present concepts with a four-state
the free energy of the SB model (cf. eq _1) from the more general sgr|s model on a linear chain. In our opinion, this is the
SBRIS free energy (cf. eq 26). For this correspondence to be gimplest nontrivial model to combine effects of proton binding
valid, the partition function given in eq 2 must obey the anq conformational degrees of freedom on a unified level.
equivalence Consider two protonation states for each site (protonated and
(41) deprotonated) and two conformational states (trans and gauche).
When only nearest neighbor pair interactions are considered,
whereZ, is given by eq 19. Substituting eq 26 into eq 19, the these states can be now described with a single4transfer

partition function can be expressed as a conformational averageMatrix, which is a combination of the corresponding twox 2
2 matrixes corresponding to the SB or RIS models. Taking the

== z af@ Arelsag (42) general structure indicated in eq 40, and the corresponding
S submatrixes given in eqs 17 and 24, we obtain

(8308

—
=]
—

[x]

C

wheren = ;s and the conformational averages are defined 19 % 9%,
in eq 20. They have to be carried out over the chosen reference 1 gh % ghzg
state, defined here as the deprotonated state. We thus find the U= g J (47)

; 1 g ZU 9344
important correspondence
P P 1 gh ZgU, ghzggug

e FFO — @—ﬁFp(s,C)Q (43) . ) o
wherez,s = Kqgay are the reduced site activities ang the
Inserting egs 1 and 25 and collecting powerinwe find that corresponding parameters which depend on the conformation

the binding constants in the contracted system are given by Of the neighboring bonds on the left & t, g) and on the right
(6 = t, g). The initiating and terminating vectors are ¢l z,

K, = K(c) (44) 9z) and (1+ z, 1+ 7, 1 + zut, 1 + zgug)". The reduced site
activities for the terminal sites arg = Kqau, since they depend
The pair interaction energies can be expressed as only on the state of one bond. As will be discussed in the
N following, this model can mimic many features characterizing
i = [Ki(c)Kj(f)“ii (9L the coupling of conformations and ionizations for oligomers and
I Kin linear polyelectrolytes. Often, much more complicated situations
can be mapped onto this simple four-state SBRIS model on a
whereu;(c) and; are defined by the relationsj(c) = —log linear chain. One example will be given in section 6.
u;j(c) andé; = — log ;. The triplet interaction energies can be 5.1. Emergence of Cooperativity.The simplest nontrivial
found as case is the dimer. While this situation is easily analyzed and

has been amply discussed in the literaftA®?432:33et us briefly
discuss how it emerges from the present SBRIS formalism.
The dimer consists of two sites and a single bond, and for
this reason bondbond interactions do not enter. An example
with Zix(c) = —log wi(c) andZix(c) = —log Wix. The expansion is succinic acid, where two carboxylic groups are attached to
can be continued, and in the general case, higher ordertwo carbon atoms. For simplicity, let us assume that both sites
interactions are recovered. Once these parameters are knowrare equivalent and that two conformational states trans (t) and
the macroconstants can be calculated from eg8.7 gauche (g) have to be considered. For each conformation, we
While the application of these expressions will be discussed thus consider the affinity constant&gpand gy and the pair
in the later sections, several important observations can beinteraction parameters and ¢4, respectively. Applying the
already made here. First, the parameters of the contracted freecontraction formula eq 44, the microscopic binding constant
energy can be indeed expressed in terms of the conformation-reads

:[Ri(c)kj(c)kk(czuu (©U OOy (O)

W e — (46)
I G K D Ty Dy
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K K @ 10
K =Kt ™ gKg (48) g Trans | @
1 + g .‘g 0.81 . o ™ \,
b=} N
. - . . £ 067\ Single ™\ AN
whereg is the statistical weight of the trans conformation. The s \ Site N
microscopic interaction parameter becomes (cf. eq 45) g 04 \> \.. Average’
8 02 N
o - & Gauche ™~_
~ (Ktzut + gngug)(l + g) & 00 ?uc © . S
0= (49)
= - 52 40 45 50 55 60
(K + gKg) =
Normally, we parametrize the situation by the microscopic g 0.8
constant K = log K and the pair interaction parameter= € 06
—log G. On the contracted SB level, these two parameters S o4l
describe the situation exactly. On the macroscopic level, the “g ’
formation constants follow from egs 7 and 8 to be £ Y
_ _ g 00
K, =2K (50) -
Lo
and % 0.8-
<
= ~0. S 0.6
K, = K0 (51) £
g 0.4
From these macroconstants, the titration curve can be obtained. g 021
The probabilities of the different conformations can also be § 0o==="_n=1 =
found. 40 45 50 55 60

The statistical weighg controls which conformation is the pH
predominant one. Fay = 0, it is trans conformation, while the  Figure 2. Properties of a symmetric diprotic acid or base as a function
gauche conformation dominatesgf— . In either extreme of pH. There are no interactions & ¢ = 0) but a strong dependence
case, only one conformation governs the behavior, and the of the binding constant upon conformatiork{p= 4 and X = 6).
apparent parameters are given through the ones of the corre-! hffirg;’rg;‘t%?]ga;\‘l"é?fgrg jeé‘r)ge'?;“?)Sr;?Oﬁgggggpggzemﬂvtlﬁye(
sponding conformer. In the |ntermled|ate S|tuat|or?, both con- corresponding quantities for each conformer and a single site. (b)
formers play a role, and two different scenarios can be conformer probabilities.. (c) Macrostate probabilitieB,.
distinguished.

The first scenario is encountered when the binding constants Rotomicrostates Microstates ~ Macrostates
are comparable, namely, whep= pKg. In this case, the

N . o ; 99 % 1%

effective interaction parametérvaries monotonically fron; o—0 OO o==0 n=0

to €4 as the statistical weiglttis being increased. This scenario 6.0 4.0 4.29

is the most common one and will be illustrated with succinic 50 % 50 %

acid in section 6. o—e o~ Cmmmmg n=1
The second scenario arises when the binding constants are 60 40 370

sufficiently different, namely, whenkq > pKg or pK; << pKg. 1% 99 % e

While the limiting value of the effective interaction parameter _ ) ) .
Figure 3. Rotomicrostates, microstates, and macrostates of a symmetric

€ is still & fqr g = 0 andeg for g = e, IFS. dependenge IS diprotic acid or base. The probabilities and microscoio/plues are
nonmonotonic and passes through a minimum, leading to jngicated. The macrostates specify the number of protons bausd (
attractive (cooperative) interactions. Recall the archetypical casep, 1, 2). There are no interactions € ¢; = 0) but a strong dependence
of two independent sites(= €5 = 0) for illustration. When of the binding constant upon conformatiork{p= 4 and Ky = 6).
the binding constants are equaIK(QZ ng), there are no The conformational weighg = 100 leads to apparent cooperativigy (
effective interactions anél= 0. When K = pKq the interaction ~ = —1.40). The parameters are the same as in Figure 2.
parameter becomes negative and goes through a minimum as a

function ofg. Thus, one obtains cooperative interactions on the Of the singly protonated macrostate remains7%. Figure 3
microscopic level. shows the probabilities of the individual conformational mi-

Take K, = 4 and Ky = 6 as an example. The minimum  crostates and the corresponding microconstants. Similar effects
value ofé ~ —1.40 occurs agg = 100. At this point, the effect ~ Were discussed in more detail for substituted succinic acids, and
of cooperativity is most pronounced. The corresponding titration the nature of the conformat|'on transition strpngly depends indeed
curves are shown in Figure 2a. The titration curve undergoes a©n the nature of the substituents and their interactiéns.
relatively steep transition between the limiting cases of the  This cooperativity effect is the simplest illustration of the
titration curves in the trans and the gauche state. The titration famous allosteric effect, discussed amply in the biochemistry
curve is steeper than that for a single site, indicating positive literature®223This mechanism explains the strong cooperativity
cooperativity. of oxygen binding by hemoglobin. The allosteric effect occurs

The conformational transition is more clearly apparent in always, if the affinities of the binding sites depend on the
Figure 2b, where the conformational probabilities are shown. conformational state, and tends to diminish effective pair
Figure 2c illustrates the macrostate probabilities as a function interactions. It becomes more pronounced with the larger
of pH, which are characterized by the macroconsta#ts number of sites. We shall encounter a similar phenomenon in
4.60 for the first protonation step, anép= 5.40 for the second  our discussion of polyelectrolytes.
protonation step. Due to the cooperativity effect, these constants 5.2. Emergence of Triplet Interactions. As a second
are in the reverse order to the usual sequence, and the probabilitexample, consider a linear molecule with two bonds and three
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: 1.0 (a) Rotomicrostates Microstates ~ Macrostates
(=}
g 08 1 <1%t 66% g 33% 100 %
g o0—O0—>0 Oo0—On~~0 OO0 OO0 n=0
g 06 1 100 10.0 10.0 100 10.0 10.0 10.0 10.00
2 04 |
e <1% 33% 33% 33% 66 %
8 02 A e ~O—0 OO [ )
& 100 100 100 100 80 100 80 100 10.00 9.53 -
A 00 <1% 66 % 33% 33% "
- o0—e—O o—e~0 OO OmmmEmmmO
g 1.0 ®) 10.0 10.0 10.0 80 80 8.0 9.53
(=]
= Trans-Gauche
g 0.8 1 L ~1% 97% ~1% ~1% 41%
5 I —— * —eo—0O o—e 0 o 9—0O O~ [@ s s
g 06 1 10.0 8.0 10.0 80 847 w2
O o4 | Trans-Trans Gauche-Gauche <1% 66 % 33% 59 %
ga 8 —— *—0O—o *—Oo e CAMNONe
'E 02 | \,\' 10.0 8.0 6.0 8.00
k31 ~.
£ 00 77— 33% 66 % <1% 100 %
= 10 *—o—o *—o e [ 2o oo [ e ] n=3
; ' Figure 5. Rotomicrostates, microstates, and macrostates of a linear
= 08 4 triprotic acid or base. The probabilities and microscoplovalues are
T 06 - indicated. The macrostates specify the number of protons bausd (
E 04 0,1, 2, 3). The sites are equivalent and there is a strong dependence of
o the pair interactions upon conformatiorK(g= 10, €, = 0, andeg = 2).
% 0.2 4 The conformational equilibria are characterizeddoy 100 andh =
g 0.0 0.01. The parameters are the same as in Figure 4.
S o

conditions the molecule adopts preferentially a trans configu-
Figure 4. Properties of a linear triprotic acid or base as a function of ration (see Figure 4b).
pH. The sites are equivalent and there is a strong dependence of the  The sjtuation can be interpreted on different levels. On the

pair interactions upon conformationKp= 10, & = 0, andeg = 2). macroscopic level, the molecule is characterized by the mac-
The conformational equilibria are characterizeddgoy 100 andh = = = =
0.01. (a) Degree of protonation together with the results, when the "oconstants K = 10.48, K, = 9.75, K, = 7.77. The
molecules is constrained to all-gauche or all-trans conformations, (b) Corresponding macrostate probabilities are shown in Figure 4c.
fractions of conformation, and (c) macrostate probabilities. If one considers the microscopic SB level, where the confor-
mational degrees of freedom are averaged out, the equilibria
ionizable sites. The triprotic situation will illustrate another are characterized by a microconstaft # 10, and a pair and
important effect, namely, the emergence of triplet interactions. triplet interaction parameters @& = 0.47 andl = 1.07. The
For simplicity, let us assume that the binding constants are all corresponding probabilities and protonation constants of the
the same and independent of the conformation. However, we microstates are shown in Figure 5.
suppose that the pair interactions do depend on the conformation  The detailed SBRIS level of description concerns the different
and assume different values,andeg, in the trans and gauche  rotomicrostates summarized in Figure 5. The characteristic
state, respectively. Again we apply the contraction formulas and feature is the prominent doubly protonated state of 97%, where
obtain_th_e cluste_r parameters of the contracted SB model. Fortwo neighboring protonated sites favor a trans bond, which in
the pair interactions we have turn diminishes the repulsive interactions. To protonate this
species, a repulsive interaction must be overcome. A similar

__(1+9gu +9(1+ghu, enhancement of interactions occurs for the other prominent

u= 1+ 29+ gzh (52) doubly protonated species, where the central site is not proto-

nated. It can be again only protonated by overcoming the

whereg is the weight of the gauche conformation ani the repulsive interaction of the gauche bond. This type of enhance-
Boltzmann factor describing the interactions between the bonds.Ment of mutual interactions is due to the presence of confor-
The triplet interactions turn out to be mational degrees of freedom, and leads to the emergence of

triplet interactions.
2+ 2guu, + gzhuf,)(l + 29 + ¢’h) 5.3. Conformational Transitions in Polyelectrolytes.Con-

W= 5 (53) sider an infinite linear chain with sites connected by bonds and
[(1+ g)u + 9(1 + ghjuy] nearest neighbor interactions as described by the four-state

SBRIS model (cf. eq 24). In this situation, the chain properties

which we usually parametrize ds= —log W. Very similar can be obtained by the maximum eigenvalue method. lllustrative
relations were proposed by Ben-Na#fn. results are summarized in Figure 6, where the top row shows

In the case ofe; = €5 and h = 1, the model predicts the titration curves, and the bottom row the conformational
nonvanishing triplet interactions for intermediate values of the probabilities. In all cases, we use an affinity constantkf=p
conformational weighg. To illustrate the role of repulsive triplet 9, which is independent of the conformation of the bonds, and
interactions, consider a hypothetical linear triprotic molecule pair interaction parameteks = 1 andeg = 3. This situation
characterized by a protonation constant independent of themimics the behavior of a weak polybase. Titration curves of an
conformational stateo= 10, with interaction parametees= all-trans chaing = 0) and an all-gauche chaig > ») are the
0 andeg = 2. The proton binding isotherms of these two same for all situations, and the actual titration curve must
conformations are compared with the actual isotherm, which necessarily lie between these two extremes. While in some
involves the conformational equilibria characterizedysy 100 situations, one conformation may govern the behavior; in others,
andh = 0.01, in Figure 4a. In basic conditions, the molecule is a conformational transition may occur during the titration. The
preferentially in the gauche conformation, while in acidic nature of this transition depends strongly on the belpdind
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Figure 6. Linear infinite polyacid or polybase with equivalent sites with an affinity constanKo&®, which is independent of the conformation

of the bonds, and pair interaction parameters 1 ande; = 3. Degree of protonation (top) and conformational probabilities (bottom). Dashed lines
correspond to the titration curves of the all-gauche and all-trans conformation. Predictions of the four-state SBRIS model (thick solid lines) are
compared to the successive approximations on the contracted SB level including pair, triplet, and quadruplet interactions (thin lines)tfhe streng
of bond—bond interactions is varied. (a) No interactiohs< 1 andg = 10) where the contracted SB description is exact on the pair leveléwith

= 2. (b) Repulsive interaction$1 = 0.3 andg = 10) where the contracted SB description coincides at the triplet level with the exact result on the
scale of the grapté(= 1.46,4 = 0.24,7 = —0.01) (c) Attractive interactiongy(= 0.1 andh = 100) where the contracted SB description does not

even coincide with the exact result at the quadruplet le¥et £.95,4 = —0.29, andv = —0.47).

interactions, and typical results for no interactions, repulsive As an illustration, take the common affinity constart g 9
interactions, and attractive interactions are shown in Figure 6. and the pair interaction parametess= 1 andeg = 3. The
Let us discuss these three situations in more detail. statistical weight of the trans stategs= 10, and there are no
Consider first the case of no bontlond interactionsh( = interactions between the bonds € 1). Figure 6a shows the
1, Figure 6a). The result of the four-state SBRIS modelgfor  result. We find the same effective binding constafitp 9 and
= 10 is shown. As the pH is decreased, the polyelectrolyte effective pair interaction parametér= 2. The curve calculated
undergoes a conformation transition from an coiled state with the contracted model coincides with the SBRIS result
dominated by gauche bonds to an extended state dominated bexactly.

trans bonds. Correspondingly, the titration curve of the poly-  when repulsive bondbond interactions are present, the
electrolyte initially follows the all-gauche chain, but as the chain  qualitative features remain similar to the previous case. Consider
undergoes the conformational transition, it swings toward the the same parameters describing the protonation, butgake
titration curve of the all-trans chain. However, the transition iS 10 andh = 0.3. The result is shown in Figure 6b. The
very gradual, and the resulting titration curve remains between conformational transition is now more gradual, and the resulting
these two extremes. . titration curve lies again between the two extremes of the all-
How well does the contracted SB model describe the {rans and the all-gauche chain. However, in contrast to the case

situation? In the case of no interaction between the bames ( of no interactions, the resulting titration curve now becomes
1), a remarkable result is found. Provided that the condition asymmetric.

Kig = (KuKg9'? is satisfied, the cluster expansion of the
contracteq.SB model terminates after the pair |ntergct|on ter.m. on the contracted SB model no longer terminates but may
This condition corresponds to the case where the shift correction

- onverge rapidly. To assess the quality of this approximation,
parameters vanish (cf. eq 27). The model can be thus contractec\fve have to evaluate the effective interaction parameters. The
exactlyto the two-state SB model described by the transfer

matrix given in eq 17. The effective interaction parameters can resulting expressions are given in the Appendix. An interesting

. - ; aspect of this analysis is that for the four-state SBRIS model,
be expressed as follows. The effective binding constant is . .
all resulting cluster parameters are of the nearest neighbor type.

N Thus, the only nonvanishing pair interactions are between
(K1/2+ 1/2)2 : ¢ ) ] ) : i
R =t gKgg (54) neighboring pairs of sites, only triplet interactions between

In the presence of bond interactions, the cluster expansion

1+ 9)2 neighboring triplets of sites, etc. For example, no next nearest
neighbor pair interactions emerge. A similar observation was
and the effective pair interaction parameter already made by analyzing titration data of linear polyamirés.
For the repulsive case shown in Figure 6b we find the effective
(UK, + gugf(gg)(1+ 0) binding constant § = 9 unchanged. On the other hand, the
0= (55) effective pair interaction parameter becordes 1.46, and for

> 172 (1122 .
K+ gng) the triplets we have = 0.24, and for quadruplets = —0.01.
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The successive approximations, on the pair, triplet, and qua-
druplet level, are shown in Figure 6b, and we observe that
including the triplet interaction parameter suffices to describe
the result of the SBRIS model accurately.

For attractive bongtbond interactions, even the qualitative
features turn out to be quite different. Consider now the case
of g = 0.1 andh = 100. The result is shown in Figure 6c¢. In
this case, the conformational transition from gauche to trans is
very sudden, and happens near pH 5.0. Correspondingly, the
resulting titration curve follows the curve for the all-gauche
chain at high pH, and then flips suddenly to the curve of the
all-trans chain at low pH. Therefore, one almost observes a
“jlump” in the titration curve. Note that within this “jump” the
curve remains continuous, and a discontinuity results only in
the limit h — oo,

The validity of the contracted model can be again addressed
by evaluating the effective interaction parameters (see Ap-
pendix). For the attractive case shown in Figure 6c, we find
the effective binding constantp= 9 again unchanged. The
effective pair interaction parameterds= 2.95, for the triplets
we havel = —0.29, and for quadruplets8 = —0.47. The
successive approximations are again shown in Figure 6c. In this
case, however, even the consideration of quadruplets does not
lead to an acceptable description of the actual titration curve.
Similar jumps in the titration curves were observed for poly-
(peptides), poly(-glutamic acid) being the classical examgite??
They have been interpreted as conformational transitions within
the chain.

The important point to realize is that a conformational

@

(®)

©

0.2

Macrostate Probabilities P, Fraction of Conformation y Degree of Protonation 6

0.0 =r

3 4 5 6 7
Figure 7. Conformational transition of succinic acid as a function of
pH: (a) averaged degree of protonation compared to the hypothetical
titration curves of the trans and gauche conformers; (b) fraction of each
conformer; (c) macrostate probabilities.

transition might not be necessarily reflected in the titration curve. Rotomicrostates Microstates ~ Macrostates
The most striking_ manifestation is t_hat the_ simp_le four-state o >99% <1%
SBRIS model without bondbond interactions is exactly 00C -00¢  coo- - ~ B
equivalent to the two-state SB model, but nevertheless important >0 "\~ 77 00C™~C00 n=0
conformation changes might take place. In the presence of . . 5.6
bond-bond interactions, conformational changes might be more - 35% 65%
obvious in the titration curve, for example, though a “‘jump”or 45 \— 4_‘5)00 COOH  —goc~_ COOH n=1
indirectly through its asymmetry (i.e., triplet interactions). COOH 4.5

i HOOC 35% 65%
6. lllustrations

HOOC =~ COOH  yooc~_COOH  n=2
COOH

This section will illustrate the applicability of the SBRIS
model with realistic systems. The aim is to give examples that Figure 8. Rotomicrostates, microstates, and macrostates of succinic
illustrate the coupling between conformational and ionization acid. The probabilities of the corresponding conformational microstates
degrees of freedom and demonstrate that the SBRIS model jsand the microconstants are indicated.
able to capture these effects on a semiquantitative level. Thediprotic acid, the contracted model is exact (see Figure 7b). It
more realistic case of three conformational states developed bygives a microconstant of 4.5 as before and an effective
Flory** will be used, and the appropriate configurations within interaction parameter @f = 0.96. The macroconstants turn out
the chain will be treated. Since the examples chosen will be all to be <, = 5.76 and K1 = 4.20 within this model. Figure 7c
polycarboxylic acids, it is helpful to use the fully protonated jllustrates the relative populations of the different macrostates
chain as reference. The microscopic constants are then expressegh = 0, 1 and 2). The corresponding microstates are shown in
with respect to the fully protonated state. Extensive comparisonsFigure 8. The deprotonated species consists almost exclusively

with experimental data are beyond the scope of this paper.
6.1. Succinic Acid and Its AnaloguesSuccinic acid is a
diprotic acid shown in Figure 7. Figueirido et%lhave used
molecular dynamics simulations to estimate the interaction
energies for the trans and gauche conformees $00.5 ande,

of the trans conformer.

The substantial difference between the interaction parameters
in both conformers of the succinic acid is further supported with
the parameters of fumaric (trans) and maleic (cis) acids, which
are 0.8 and 3.7, respectivélyBen-Naim has further discussed

= 3.5. These authors have further surmised equal microconstantsa series of substituted succinic acids, which also show substantial

of pK = 4.5 for both conformers in the protonated state and a

splitting of the ionization constants for the meso and racemic

corresponding probability of 0.35 for the trans conformation.
The titration curve is illustrated in Figure 7a. The actual

titration curve lies between hypothetical curves of both con- conformations in the two different forms.

formers. At high pH the molecule is exclusively in the trans 6.2. Poly(methacrylic acid) (PMAA) and Poly(acrylic acid)

state in order to minimize its energy caused by the strong (PAA). The charge of polycarboxylic acids increases with

repulsion of both charged groups. As the pH is increased, theincreasing pH, and at the same time the molecules swell

gauche state becomes more prominent. Since we deal with aprogressively. This behavior is summarized in Figure 6. While

forms24 We suspect that these differences are largely attributable
to the substantially different statistical weights of the respective
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PAA PMAA @ To describe PAA and PMAA with the SBRIS model, two 6
W mm( x 6 transfer matrixes are necessary. They result directly from
ooo& ooo& ooovy oo% oo% %%&%%%OJ%%OJO%&%O%& the classical Flory model oflthe asymmetric vinyl chain (section
= 4, chapter 6, ref 11). The first matrix adds a carbon bond and
‘g ® a CH, group to the carbon carrying with the carboxyl group
S 60 791 and introduces the activities of the carboxyl groups, namely
2 5 551 651 !
* M e o o o
g — Y now Tt
g 00 02 04 06 08 10 00 02 04 06 08 1.0 U= (57)
P o 8 8 8 N4 Zy T:UZtg
E 151 3001 M=300 nztg Zgg Zgg
g M=300 0 0 0 nzg w7y 77y,
s 107 100 20 I
5w 2 40 100
3 31 101 20 40 wherez,s = Kygay are the reduced site activities. The upper
§~ 0 — 0 D — left 3 x 3 submatrix corresponds to the RIS matrix for the chain
00 02 04 06 08 10 00 02 04 06 08 1.0 with uncharged carboxyl groups, referred to as digyad by
B @ Flory! The parameterg and r are the Boltzmann factors
S 06 0.6 corresponding to the trans and gauctstates, whereby the
§ gauchée state is taken as reference. We further assume that the
B 0.4 0.4 .. .
g affinity constants are the same whenever the bonds are in any
£ 021 02 gauche state and thitt,s = (KaaKgp)2 The latter condition
5§ MO/O/O/O means that the shift correction parameters (cf. eq 27) are
& 0'00}, 02 04 06 08 10 0'0010 02 04 06 08 10 neglected. The second matrix adds a carbon bond and a carbon
Degree of Ionization o Degree of Ionization o with the carboxyl group to the CHyroup, and introduces the

Figure 9. Behavior of poly(acrylic acid) (PAA) and poly(methacrylic ~ Pair interactions, namely

acid) (PMAA) as a function of the degree of ionization Points . , !
represent experimental values and solid lines are calculated with the nw'ou 0 0 no'c O 0

SBRIS model with values given in Table 1. (a) Structural formulas of 0 0 wou O 0 wo

the ist(_)tactic f(:rmts}g) (b() fTitratSi%r; éuqvels t_represented as %ﬂe(_:ttLve 0 two'u O 0 zww' O
ionization constant e (cf. eq 56). Calculations are compared wi U, = ) ' 58
the experimental data for isotactic PA%and PMAA?2# (c) Calculated 2 nwo 0 0 no'o 0 0 (58)
square of the dimensionless gyration radius for different number of 0 0 wo 0 0 wo
bondsM. (d) Experimental values of the specific viscositieg for 0 TO0' 0 0 tww' O

PAA and PMMAZ The solid line serves to guide the eye. |

poly(acrylic acid) (PAA) extends with increasing pH continu-
ously, poly(methacrylic acid) (PMAA) swells substantially in
an abrupt fashion within a narrow pH range. This behavior is
illustrated in Figure 9c, where literature data for the specific
viscosities for isotactic PAA and PMAA are showh'®> The
specific viscosity §] (Staudinger index) is related to the size
of a polymer coil*! It increases for PMAA abruptly near pH
6.5, while PAA features only a modest and continuous increase.
This marked difference is due to the presence of methyl groups
on the aliphatic backbone of PMAA.

The titration data for PAA and PMAA are shown in Figure
9b. As customary in polyelectrolyte literature, they are plotted
as the effective ionization constant

The lower left 3x 3 submatrix correspond to the RIS matrix
for the uncharged carboxyl group, referred todakdyad by
Flory.l! The reason the pair interaction parameters appear in
the upper left corner of the matrix is because the protonated
state is chosen as the reference state for the RIS model, and
thus the carboxylic groups interact in their deprotonated state.
The parameters; and r are again the Boltzmann factors
corresponding to the trans and gauclstates, while this time
the gauche state is taken as reference. The pair interactions
are further assumed to be equakte —log u except when the
two bonds are in the trans state, where the valué s —log

u'. When defining these matrixes, we focus on isotactic
molecules for simplicity, as depicted in Figure 9a. Other

1—a tacticities can be handled within the same framework but will
PKes = pH + log o (56) not be discussed here. However, the effects of tacticity are not
extremely important for PAA analogues.
as a function of the degree of ionization= 1 — 6. In the case We assume the Boltzmann factors for the bebdnd
of no interactions, it leads to a constant value &&p For interactions to vanish, whenever a carboxylic group points to

interacting systems, Ko typically increased with increasing the same direction as a hydrogen, methyl group, or the carbon
degree of ionization, as the presence of dissociated sites facilitateatom of the backbone. These interactions are expected to be
the dissociation of the remaining ones. While the titration data repulsive. The other interactions, which may be attractive, are
for isotactic PAA illustrate this trend nicely, an unusual feature summarized in Table 1. They are estimated from the molecular
is observed for PMAA (see Figure 9b). At a high degree of structure or fitting the titration data. For both polyelectrolytes,
protonation, the apparent ionization constaigspdecreases as  PAA and PMAA, the parametep’ accounts for the formation
expected; at intermediate values they attain a plateau and finallyof a hydrogen bond between two consecutive carboxylic groups
decrease close to full protonation. The characteristic hump pointing to the same direction, and its value has been estimated
corresponds to a “‘jump” in the titration curve and signals an from typical hydrogen bond energiés.

abrupt change in the molecular conformation. The viscosity data  The titration curves can be obtained by means of the discussed
confirm these features. matrix methods, and they are compared in Figure 9 with the
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TABLE 1: Conformational Parameters in the RIS Model predictions. For PMMA, the model predicts a sharper increase
for Protonated Isotactic PAA and PMAA in the gyration radius, but the data indeed suggest a stronger
groups factor PAA PMAA increase of the specific viscosit§:!° It should be noted that a
different set of viscosity data reports a very sharp transition,
n 1 3.8 . .
T 0 0 quite in accord with the model.
C—R:+R-C?® o 0 2.0 To our knowledge, precise measurements of charging and
C—CHy—--- —=CH,—C o 0 2.3x 10 gyration radii of these polycarboxylic acids of known tacticity
C—COOH:-- HOOC-C*® ' 4.7 x 10° 4.7 x 10°

are not available at present, and probably the best would be to
aThe group R represents a hydrogen for PAA and a methyl group readdress the problem by analyzing well-characterized samples
for PMAA. P Energy difference of butane conformations in wéter.  with titration and scattering techniques. On the other hand, we
¢Energy of a hydrogen borfThe results do not depend on the precise  §q not expect that a simple SBRIS description would quanti-
values of these two parameters. tatively reproduce the gyration radii. The main reason is that
long-range interactions are neglected and only short range
interactions are taken into account. While this simplification is
likely to be appropriate for the description of the protonation,
the conformations are surely modified by long-range interactions
(i.e., excluded volume effects). The complete picture for the
. ionization of weak polyelectrolytes will therefore necessitate
valuest = 0, 0 = 0, andw = 0 due to the strong steric e consideration of both types of interactions, short-ranged and
repulsions between the corresponding groups, and wetake 5 ranged. The best approach would be probably combine

1 since little interaction is exp(_ected. Given of the molecular o present SBRIS approach to handle the short-range interac-
structure, these values are certainly reasonable. A common valugisns and mean-field models or Monte Carlo simulations to

f.or.the two ionization constants was sufficient to obtain a good ondle the long-range effects.
fitting of the data, whereby the fitted value iKp= pKgg =
4.71. The best fit pair interaction parameters are 0.66 and

€ = 1.25.

For PMAA, on the other hand, the hydrophobic attraction
between two adjacent methyl groups must be incorporated in
the model. While these interactions are absent in PAA, they
can be introduced by a nonvanishing parametéts value has
been estimated from energies of butane conformations in
water3” The parameter has been set to zero as for PAA. The
ionization constants and the pair interaction parameters were
then fitted to the titration data, and one findsgp= 5.33 and
pKgg = 5.92 and for the pair interactions we have 0.70 and
¢ = 1.5. In addition, the two parameteysand w were fitted
as well. In contrast to PAA, two different ionization constants
to the to conformations must be introduced in order to obtain a
good fit of the experimental data. When both constants are
assumed to be equal, the conformational transition can be
captured qualitatively, but the description of the data remains
poor.

The characteristic difference between PAA and PMAA can
be explained by the presence of strong attractive interactions
between the backbone carbon atoms in the hydrophobic
environment. The existence of the different ionization constants  Binding of protons to a polyprotic molecule and its confor-
can also rationalized due to very different dielectric environment mational degrees of freedom are usually coupled and may lead
of the carboxylic groups in both conformations. to nontrivial effects. The most frequent scenario is encountered

To characterize the extent of the molecule, we have also for noninteracting or repulsive bordond interactions. In this
evaluated the gyration radiugy (see Figure 9). The latter  case, the proton binding can be described on a contracted level,
guantity can be calculated by the supermatrix techniques where the conformational degrees of freedom are averaged out.
developed by Flod} as discussed in the Appendix B. We report However, one may encounter attractive (cooperative) interac-
the gyration radius in the dimensionless form, namigf/(1’M) tions between the ionizable sites or higher order interactions,
wherel is the bond length ant¥ the number of bonds in the  for example, between triplets of sites. An eventual conforma-
chain. This dimensionless quantity is 1/6 for a freely jointed tional transition is graduate, and its presence cannot be inferred
chain. While the asymptotic limit of a large number of bonds from the titration curve.
in the moleculeM is attained very quickly for the titration curve, The other less frequent but more interesting scenario is that
the gyration radius converges slowly. The reason probably is for attractive bone-bond interactions. In this case, the molecule
that the chain consist of longer helical segments, which basically undergoes a sharp conformational transition as a function of
behave as rigid rods. The latter obey a different scalinBof  pH, and this transition is accompanied by “jump” in the titration
O M. Nevertheless, the chain is expected to behave Gaussiarcurve. While this situation has been related to a first order phase
in the long chain limit due to existing defects. transition, our model predicts this transition to be continuous.

The available specific viscosity dafaare also shown in The open question remains whether the transition remains
Figure 9 for comparison. For PAA, one observes a gradual continuous or becomes discontinuous in the presence of long-
variation of both quantities, which is in agreement with model range interactions. While academically interesting, however, this

experimental titration curves for PAAand PMAA34 In both
cases, the effective ionization constarep can be fitted
quantitatively with the model. The parameters are shown in
Table 1.

For PAA, the conformational parameters were fixed to the

Despite these shortcomings, to the best of our knowledge it
is the first time where a quantitative model is capable of
predicting the correct shape of the titration curve of PMAA.
Moreover, the parameters entering the present model have very
specific molecular meaning. This transition has attracted
substantial attention in the soft-matter community and has been
compared to a first-order phase transition between the collapsed
and extended statél” However, any quantitative comparison
with experimental data was lacking so far. From the present
discussion we conclude that the effect can originate from the
coupling between protonation of ionizable sites and conforma-
tional degrees of freedom of the backbone and seems mainly
governed by short-range interactions. However, the detailed
interplay between short-ranged and long-ranged interactions is
far from being understood. In contrast to attractive van der Waals
or hydrophobic interactions, which drive a first-order transition,
it will be probably smoothed out by long-ranged repulsive
Coulombic forces. The scenario obtained by combining all these
effects is far from obvious.

7. Conclusions



lonization Equilibria J. Phys. Chem. B, Vol. 110, No. 22, 20080949

question is probably of little importance as far one is concerned RS 23TgM-1y 6.1)

with real polyelectrolyte systems. Finite size effects are likely M=
to smear out the discontinuities, which might exist in the long ¢

chain limit. wheredT= (1, 1,1, 0,0, .., 0)and = (0, 0, ..., 0, 1, 1, T)
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A. Contracting the Four-State SBRIS Model.Consider the
four-state SBRIS model defined by the transfer matrix eq 47 in where® is the direct matrix produck the diagonal unit matrix,
the special case when the binding constants are independent of the zero matrix, antf = (I, 0, 0) the bond row vector. The
the conformation. The contracted SB parameters are given bypseudodiagonal matrix is given by
egs 44, 45, and 46 and they can be obtained analytically with

the transfer matrix technique. T() O 0
The first point to observe is that only the nearest neighbor ITI=| 0 T(¢o) O (B.3)
interaction parameters are nonzero. This point can be demon- 0 0 T(p)

strated by inspecting the contraction formulas eqs 45 and 46.

To evaluate the nearest neighbor parameters, let us abbreviatevhere the rotational matrixes are defined as

them asgy, wherek is the order of the interaction. Thug =

i are the pair interactions argd = W the triplet interactions. coso siné@ 0

This quantity can be expressed in terms of the recursion relation T(¢®) = |sin# cos¢, —cosf cos¢, sing, (B.4)
sinf sing, —cosé sing, —Ccos¢,

[y Uy Uy g L

br1= i 2 (A1) wheref andg¢, represent the dihedral and torsional bond angles
2 O3 Ok for the conformational states=t, g*, g~. The formalism can
be extended to the case of ionizable chains by the following
for k = 2. The recursion is initiated with, = [old (k = 1). substitution in eq 1, namely
The evaluation of the interaction parameters is thus reduced
to the problem of evaluating the conformational average of a S So1
product of pair interaction parameters. This problem is treated S— Sio Sia (B.5)
in Chapter 4 of Flory’s book in detail. For an infinite chain,
the sought average can be written as whereS; is a supermatrix corresponding to the deprotatef (
= 0) and protonated (j = 1) states. Thereby, one replaces the
[y g U g = chquRkUN*kflp (A.2) corresponding quantities for the protonated and deprotonated

sites (cf. eqs 47). The new vectodsand J' now must be
redimensioned accordingly. For example, the row vedtor
contains 3 ones, 18 zeros, 3 ones, and 18 zeros in sequence. In
PAA and PMAA, we have a sequence of different bonds, and
thus two different matrixe$ corresponding to each bond must
U gu be used, each of which has to be decorated with the reduced
R= [ut h (A.3) proton activities and interaction parameters as discussed above
o 9N (cf. egs 57 and 58).

whereU is the conformational transfer matrix given by eq 24
andR is the same matrix, but decorated with the interaction
parametersly andu;, namely
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