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HIGHLIGHTS

e The equivalence between Gibbs and Helmholtz ensembles for (not confined) polymer chains has been investigated.
e We rigorously proved the equivalence for a class of polymer models characterized by a continuous pairing interaction.
e We have introduced an original method based on the stationary phase technique.

ARTICLE INFO ABSTRACT

Article history: Although the problem of the ensembles equivalence for flexible polymers has aroused
Received 2 August 2013 considerable interest, there is not an overall consensus on this topic. In this work, we
Received in revised form 9 October 2013 present a theoretical investigation on the asymptotic equivalence of two ensembles for
Available online 28 October 2013 single flexible polymer chains (without confinement effects, i.e. fluctuating in the entire
space): the first is the Gibbs (or isotensional) ensemble with one end-terminal of the chain
tethered to a given point and the other subjected to an applied force; the other ensemble is
Polymer models the Helmholtz (or isometric) one characterized by both terminals tethered to fixed points.
Thermodynamic limit The equivalence property is rigorously proved for a class of potentials characterized by a
Gibbs isotensional ensemble continuous pairing interaction between neighboring monomers. To approach the problem
Helmbholtz isometric ensemble we adopted an original analytical formalism based on the stationary phase technique and
on the exact determination of the eigenvalues sign of the Hessian matrix of the phase
function. To give some examples of application, the general result is successively applied
to freely-jointed chains, to flexible polymers with extensible bonds and to chains with

domains that exhibit conformational transitions between two stable states.
© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

The problem of ensembles equivalence plays a central role in the assessment of the basic foundations of statistical
mechanics. It consists in determining whether, in the thermodynamic limit (number of degrees of freedom approaching
infinity), two statistical ensembles are equivalent, i.e. they lead to the same mathematical form of the constitutive equation
describing the system under investigation (at equilibrium) [1-3]. Similarly, the equivalence can be also characterized by
a Legendre transformation between the thermodynamic potentials (free energies) of the conjugated variables or by a
Laplace-Stieltjes transformation between the partition functions of the conjugated ensembles [1].
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As an example, we can mention the microcanonical and canonical ensembles, representing the two most important
statistical descriptions of many-particle systems. As initially observed by Gibbs, their definitions, in general, do not guarantee
the equivalence in the thermodynamic limit [4]. Therefore, many theoretical studies have been conducted in order to
understand how the equivalence property depends on the system considered, i.e. on the type of interaction acting among
the particles [5-7]. It has been recently shown that the ensemble inequivalence can be observed in several systems with
long-range interactions [8-10]. In particular, this behavior has been studied for generalized Ising Hamiltonians [8,9] and for
nonlinear spherical spin glass models [10].

The issue of the equivalence of statistical ensembles is notably important for one-dimensional systems. In particular,
this concept plays a crucial role in the theory of single polymer chains [11-14]. In this case, the deviation of the behavior
corresponding to different statistical ensembles is indeed easily observable at both theoretical and experimental level (for
chains with a finite number N of domains). In other words, short chains exhibit different physical responses (i.e. constitutive
equations) when subjected to different boundary conditions (i.e. statistical ensembles). A large spectrum of single molecule
manipulation techniques such as atomic force microscopy, optical and magnetic tweezers, have been recently developed
and they allow to study these deviations for arbitrarily long molecules, such as DNA or proteins [15-18]. For the case
of single polymer chains under stretching (without confinement effects, i.e. free to fluctuate in the whole space), two
ensembles are typically considered [1]: the first one is the Gibbs (or isotensional) ensemble characterized by a deterministic
force applied to the free end of the chain (being the other end clamped at the origin of the axes); the second one is the
Helmholtz (or isometric) ensemble obtained with both the ends of the polymer tethered at two different points of the space.
We remark that these two ensembles correspond to a couple of different canonical distributions, obtained with distinct
boundary conditions. In this sense, we are dealing with the equivalence characterization between two dual versions of the
canonical ensemble. On the one hand, when the thermodynamic limit is not satisfied (small number of monomers), these
two situations are not equivalent, leading to different force-displacement curves [19,20]. This fact has been proven for
different polymer models in the literature [21-23]. On the other hand, whenever N approaches infinity, it is important to
elucidate if the equivalence of ensembles occurs or not.

Earlier investigations concerning the ensembles equivalence for flexible polymers have been performed adopting both
theoretical approaches [21,24-31,19,32,33] and computational methodologies [30,34-37]. Typically the problem is studied
by comparing force-extension relations [24,30,37], or by considering conjugated partition functions and the corresponding
thermodynamic potentials [31,38]. As anticipated, despite several investigations, there is not an overall consensus on
this topic. There are some authors that find agreement between averages determined by different ensembles in the
thermodynamic limit, [21,25,22,28,31,30,19,33] while others emphasize non-equivalence [24,26,35-37,32] even in the
thermodynamic limit. One gf the source of the controversy is the following. Thg force-extension laws for the two ensembles
map different quantities: (f) and 7 for the Helmholtz ensemble and (F) and f for the Gibbs one. Some authors [24,26,37]
have introduced different average values. In particular, they considered the force-extension responses ([f|) versus |F| for the
Helmholtz case and the curve (|F|) versus |f| for the Gibbs one. These assumptions involved some apparent inequivalences
relateq to the transformation of random variables introduced to determine the average value of the modulus of the vectors
7 and f (in general [(w)| # (Jw|) if w is a random vector) [19,32,33]. The reader can find a complete discussion about the
origin of the contrasts concerning this problem in Ref. [31].

The investigations above dealt with the case of a polymer chain tethered at both ends with different types of boundary
conditions (isometric or isotensional). In all cases no confinement effects have been considered. Another class of problems
concerns a flexible polymer chain with one end tethered on a flat substrate surface and the other end free to fluctuate. In
this system a piston of fixed geometry tries to confine the chain between the substrate and the piston itself, controlling the
desorption and the escape transition [39-41]. The piston behavior can be defined to introduce the h-ensemble, where the
distance between piston and substrate is directly controlled, and the f-ensemble, where the compression force applied to the
cylinder is the independent parameter. In this system, which falls beyond the scope of the present paper, the confinement
effects are of crucial importance. It has been proved that the escape transition of a polymer in these conditions exhibits an
unusual non-equivalence between the defined statistical ensembles [39-41]. These results have been theoretically proved
and confirmed by molecular dynamic simulations. Such an investigation is very important since it proves the possibility to
have a real inequivalence between different versions of the canonical distribution in statistical mechanics. Nevertheless, we
remark that these findings cannot be compared with the results of the present paper because of the completely different
assumptions on the geometry defining the statistical ensembles considered. In fact, as previously declared, in this paper we
do not take into consideration any form of confinement of the polymer chain.

In this paper, the equivalence of the Helmholtz and the Gibbs ensembles in the thermodynamic limit is rigorously proved
for a specific class of polymer chains defined by the following assumptions that will be always considered throughout all
the paper:

e we suppose to study a non-branched single chain without confinements, i.e. freely fluctuating in the whole space;
e the only constraints consist in the punctual boundary conditions defining the Helmholtz and the Gibbs ensembles;

e we consider all polymer models characterized by an arbitrary pairing interaction between adjacent monomers, described
by a continuous energy function V (x);
e we always suppose that the integrals defining both Helmholtz and Gibbs partition functions are convergent everywhere.
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The third hypothesis leads to a Gibbs partition function which can be exactly written as a power of N (always convergent
for the fourth assumption). As a matter of fact, this form is particularly convenient because allows us to draw a thorough
analytical comparison of the two ensembles. In particular, the equivalence between the Gibbs and the Helmholtz ensembles
is proved by performing a direct asymptotic comparison (N — o0) of the two corresponding force-extension relations.
Such an analysis is conducted by elaborating the integrals through the vector version of the stationary phase technique
[42,43]. The possibility to apply this method has been rigorously proved by investigating the sign of the eigenvalues of
the Hessian matrix of the characteristic phase function. After having developed a general proof, valid for the entire class
of potentials considered, the ensembles equivalence is further discussed for three particular systems, which are important
for many applications: a freely jointed chain [11], a flexible polymer with extensible bonds [19] and a chain with domains
that exhibit conformational transitions between two stable states [20]. Despite their simplicity, these models adequately
describe different physical properties of many real polymer structures [11,12,19,20,44,45].

It is important to recall that a general criterion for the equivalence of thermodynamic ensembles exists and it is
valid for a large class of physical systems: it affirms that the convexity of the Helmholtz free energy is sufficient to
assure the equivalence between the ensembles (see Section 2.4 for details) [5-9]. However, this general criterion is of
difficult applicability to polymer systems when the function V (x) is sufficiently complicated, e.g. describing conformational
transitions with multi-basin energy landscapes. On the other hand, our proof of the equivalence specifically developed for
polymer systems can be easily applied to these complex interactions, furnishing a simpler result of large direct applicability.

The paper is organized as follows. In Section 2 we briefly describe the properties of the Helmholtz and Gibbs ensembles
and we introduce an exact relationship between the corresponding partition functions. We also discuss the link between
their free energies and the equivalence criterion based on the convexity of the Helmholtz free energy. In Section 3 we
define the class of polymer models with pairing interactions and we present the three specific examples above mentioned.
Moreover, in Section 4 we accurately prove the equivalence of the Gibbs and Helmholtz statistical ensembles for the class
of polymers above introduced. Finally, in Section 5 we discuss the equivalence for the three specific examples.

2. Helmholtz and Gibbs ensembles

Let us consider a chain of monomers in a polymer molecule. The classical dynamics of monomers is described by the set

of positions 7; (i = 1,...,N) and momenta p; (i = 1, ..., N). We assume that one terminal monomer is fixed at position
o = (0, 0, 0) and that monomers interact through a potential U = U(F4, . .., ry). This implies that our scheme will be able

to describe all types of polymer models, implemented by imposing the potential U. The dynamics of the system is described
by the Hamiltonian

N

- - - > ﬁ.ﬁ - -
ho(r1, ..., TN, D15 .-, DN) =212—ml+‘u(r1,...,r,\,), (1)
i=1

where m is the mass of the monomers. We consider this system to be in thermal equilibrium with a reservoir at temperature
T and, therefore, its statistical properties are described by the canonical ensemble distribution

1 _hoG@p
p(q,p) = 7€ T (2)
where we have introduced the canonical variables ¢ = (t4,...,7y) and p = (p1, ..., Py), the Boltzmann constant kg,

and the partition function Z. The aim of this section is to obtain the thermodynamics of the system when the end terminal
monomer is either clamped at a fixed position 7y = 7, or it is subjected to a constant traction force f (see Fig. 1). These two
boundary conditions correspond to the Helmholtz and Gibbs statistical ensembles, respectively.

2.1. Isometric conditions

By setting a given (vector) end-to-end distance, positions o and 7y are fixed (see Fig. 1 top) and we can use the following
reduced Hamiltonian

h(f1, ..., TN=1,D1, -+, Pn—1,T) = ho(F1, ..., Tn_1, TN =T, D1, ..., Pn—1, DN = O). (3)
In this case the fluctuating microscopic variables are defined as ¢ = (4, ...,7v—1) andp = (p1, ..., Dn—1), in terms of
which the system partition function is written
o _ h@.p.p)
Z:(F,T) = f/ e kT dqdp, (4)
I'n—1
where I'y_; = %™~V The equilibrium distribution is therefore
@p:ET) =1 e 5)
T b ; r’ = - B
prq, p ZGE.T)

The net force exerted on the monomer at position 7 by the remaining monomers is by definition — % Such a force can be

used to define the mechanical constitutive equation (hereafter referred as the “force-extension curve”) of the chain. In fact,
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Helmholtz T3

Fig. 1. Schemes of the mechanical boundary conditions leading to the Helmholtz (top) and Gibbs (bottom) statistical ensembles.

the force exerted on the system (from the outside) in order to keep fixed the last monomer is ([7 y = (2 thus providing the

ar
statistical nonlinear generalization of the Hooke’s law for the chain

N 0 oF q, T
FET) = —kT2 logze = 220D (6)
or or

where F(7, T) = —kgT log Z; is the Helmholtz free energy.
2.2. Isotensional condition

We next assume that a given deterministic forcef is applied to the terminal monomer at 7y, while the end-to-end distance
is free to fluctuate (see Fig. 1 bottom). This external force is described by an additional potential energy term given by —f - 7y

since —% (—f STy) = f Therefore, the system is described by the following augmented Hamiltonian

h(fi, ..., PN, D1, DN ) = ho(Fy, .o, Tnu D1, oo D) — f - v, (7)
whereq = (4, ..., ) andp = (p1, . .., py) are the fluctuating microscopic variables and f acts as a macroscopic variable.
The ensemble partition function is now given by

R _h@.p.h)
Z:(f,T) = // e 7 dqdp, (8)
I'n
where I'y = RO and the corresponding statistical distribution is
@pif. 1) = e (©)
piq,p;f, 1) = —=—e "B .
! Z(f. T)
We observe that g—}l = —Ty and we calculate the mean position of the last monomer of the chain through the average value
(f)y = (¥y) or, more explicitly, (F) = —(%). This constitutive equation can also be expressed in terms of the partition
function Z;.In fact, by differentiating Eq. (8) with respect to f we get
g d G, T

(r(f,T)) = kgT — long = —#, (10)

of of

where G(f, T) = —kgT log Z; is the Gibbs free energy.

2.3. Relation between partition functions

By taking into consideration Egs. (4) and (8), an exact relationship between Z; and Z; can be easily obtained

. i
z(f, T):(znkaTﬁ/ Z:(F, T)elsT dF, (11)

9”3
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showing that the Gibbs partition function is the three-dimensional (bilateral or two-sided) Laplace transform of the
Helmholtz partition function (except for a non relevant multiplicative constant). .

For the following purposes, it is useful to invert the previous integral relation. In Eq. (11) we let f = —kgT5s, where s is
the vector Laplace variable

Z:(—ksT5, T) = (2mksT)? / Z:(F.T)eTdF. (12)
o
Now, we can remember that the definition of the one-dimensional Laplace transform of f (t),
400
F(s) = f(He™dt, (13)
—00

leads to the inverse relation

1 y+ioo
F(s) = —/ F(s)e’ds, (14)
2mi y—ioco
where the integration from y — ico to y + ico corresponds to the standard Bromwich contour on the complex plane and
y € N belongs to the range of convergence. For two-sided Laplace transforms we have a strip-shaped convergence domain
o < Ne(s) < B and, therefore, we must select y € («, 8) [46]. In our case we assumed that Zf(f, T) is defined Vf € %3 and
that Z:(7, T) is defined V¥ € 9>, In particular, Eq. (12) is valid for all ie(s) € i3. Therefore, to invert Eq. (12) we use three
times Eq. (14), where we can always fix y = 0 since 9ie(s) = 0 belongs to the convergence domain. This approach can also
be found in Ref. [47], where the same conclusions have been drawn. Anyway, we easily obtain
1 1 +ico +ioco +ioco .
Z(r,T) = Z:(—kpTs, T)e*"ds. 15
D= G Gkt |y e [ ACRTSD 1>

We use the substitution s = —i7/(kgT) and we eventually find the final result

- - —ilt
Z@F, T) = Z:(i5, T)e %7 dj, (16)

o
[(27rI<BT)3m]3/2 93
which states that, in order to derive the Helmholtz partition function, one must use the analytic continuation of the Gibbs
partition function over the imaginary argument. A complete discussion about Egs. (11) and (16) can be found in a recent

paper [19]. The relationship between the two partition functions plays a crucial role for proving the equivalence in the
thermodynamic limit, as described below.

2.4. Free energies and their relationship

We take into consideration the Helmholtz free energy F (7, T) for the isometric ensemble and the Gibbs free energy
G(f, T) for the isotensional one. They are related to the corresponding partition functions through the standard expressions

. _FED

z:@r, T)y=e ", (17)
> _GED

Z(f, T)y=e & . (18)

By inserting Egs. (17) and (18) in Eq. (11) we obtain
_G¢D 3 _EEn [T
e kT =(27rkaT)2/ e kT ekTdr, (19)
93

which is an exact relation between F and G, always satisfied (i.e. valid for any N). In order to prove that the Helmholtz and
Gibbs ensembles provide the same constitutive equation for large systems (N — 00), we need to verify that Eq. (6) coincides
with the inverse function of Eq. (10). Alternatively, we can say that this statement is proved provided that the Helmholtz
and the Gibbs energy functions are related, for large N, by a Legendre transformation G = F — f - 7, as widely discussed
elsewhere [1].
We try to understand how Eq. (19) may yield a Legendre transformation between F and G. By expanding F (¥, T) up to
the second order in I we obtain
FrxFh+ b @ —h+ i@ - @ o p) (20)
7=ry — I =T —r —-r) —U —7T),
' FT: 2 or?
where "275 represents the Hessian matrix of F. In the previous series expansion we did not consider the third order term
and higher since, for large N, their effects are negligible with respect to the leading terms (first and second order). This is
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a typical approximation adopted and justified within the Laplace method useful for obtaining the asymptotic behavior of
integrals (e.g. used for proving the standard Stirling approximation for the factorial function, largely used in several statistical
mechanics evaluations) [48]. By substituting Eq. (20) in Eq. (19) we eventually obtain

G=F—f -FT—kTInT, (21)
where

= 92F o
r/ir)B_F(r/
ar

_ 3 — g7 ( - g7
I' = 2nmkgT)?2 e s dr’. (22)

03

The quantities G, F, I andf -T assume an extensive character (i.e. they are proportional to N) and, therefore, the logarithmic
term in Eq. (21) becomes negligible for large systems. Of course, it is true if the Hessian of F is positive definite in order to
have the convergence of the integral in I". Thus, for N — o0, the Legendre transformation is fulfilled if the free energy F is
convex everywhere. Finally, a convex everywhere function F yields always equivalence.

This is a universal result largely utilized in general statistical mechanics since it can be applied to arbitrary systems and
not only to polymer structures [1]. Moreover, it is not only valid to characterize the equivalence between Helmholtz and
Gibbs ensembles (which are two particular cases of canonical ensemble with different boundary conditions), but also the
equivalence between microcanonical and canonical ensembles (see, e.g. Refs. [8,6]). This criterion is therefore of indubitable
theoretical importance. However, although it has been largely used to infer the equivalence of Helmholtz and Gibbs
ensembles of polymer systems, it has regrettably conducted to some controversies briefly discussed in the introduction
[1,19,32,33].In addition, while the convexity verification for F may be elementary for simple polymer structures (see the first
two examples in the next section), it can be rather complicated for polymers described by more elaborated Hamiltonians.
As an example we can mention the interactions among monomers described by a potential energy exhibiting more than
one minimum point, corresponding to different macroscopic states (see the third case in the next section). Incidentally, we
remark that there is a great interest in the polymer community in analyzing complex chemical structures characterized by
multiple-basin energy landscapes and multi-state conformational transitions [49-52]. As a matter of fact, these structures
are very important to understand the behavior of biomolecules (proteins and nucleic acids) which often undergo folding and
unfolding processes in order to execute their functions (e.g. binding or releasing ligands or signals transduction). For these
reasons we search for a more specific alternative equivalence criterion that is simpler from the mathematical point of view
and more related to the quantities really measurable in standard single molecule manipulation techniques. We therefore
analyze the equivalence by directly examining the force-extension response in the two ensembles, for an increasing number
of monomers. To do this we do not need to use the free energies and, consequently, we ground our method on the comparison
between Eqs. (6) and (10). We remark that this approach is original since no equivalence analyses have been developed
in the literature by directly examining the coincidence of the constitutive equations for large systems. This procedure is
thoroughly described in Section 4. The mathematical methods based on the Laplace transforms have been largely used
in the literature for studying the equivalence through the free energies approach [1,5-9,22,47,19]. Here we use the same
techniques, but directly applied to the force-extension relationships. We are finally able to prove the following result. We
consider a polymer chain with a pairing interaction between monomers described by the potential energy V (x) (being x
the distance between two adjacent monomers). If we suppose (i) to avoid any form of confinement, (ii) to consider the
Helmbholtz and the Gibbs lzoundary conditions, (iii) to use a potential function V (x) continuous, and (iv) to assume partition
functions Z:(7, T) and Z;(f, T) convergent everywhere, then the ensembles are certainly statistically equivalent. Of course,
this is a particular case of the more general result based on the convexity of the Helmholtz free energy F; the new statement
is indeed valid for a more restricted class of physical systems. Nevertheless, for the polymer community this result should
be important since it is more easily applicable than the convexity of F, also for the case where V (x) exhibits more than one
minimum point. Moreover, the technique applied to obtain this result is also useful to approach the following problem.
While the Gibbs partition function can be analytically studied without difficulties in many cases, the Helmholtz partition
function can never be written in closed form. The scheme here presented can be also adopted to obtain the approximated
form of the Helmholtz partition function for N large. This point is thoroughly developed in Ref. [22].

3. A class of polymer models

Let us take into consideration the class of polymer models described by a pairing interaction between neighboring
monomers

N
UG, ..., ) =YV (IFi—Fiall), (23)
i=1

where V (x) represents the potential acting between each couple of adjacent monomers. This class of models is able to take
into consideration any linear or nonlinear form of the contraction/extension of the chemical bond between monomers. On
the contrary, it is not able to describe angular interactions between adjacent bonds, which are sometimes useful to model
the bending response of the chain. As an example, we cannot take into consideration the so called worm like chain model
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0 xf Tl o xp) T2 Ty z
Fig. 2. Plots of two examples of pairing interaction potentials. Top panel: EBS (extensible bonds chain) model; bottom panel: TSC (two-state chain) model.

(and its several modifications) [11,12]. By using Eq. (8) it is not difficult to realize that the assumption in Eq. (23) leads to a
Gibbs partition function in form of a power of N

z:(f. 1) = 11", (24)

where the base is

- 2rm\*? 4x o . -
Af) = — — exp [—BV (x)]sinh(B]|f ||x)xdx. (25)
p BIfIl Jo
From now on we assume 8 = 1/(kgT). Of course, Egs. (24) and (25) are only valid for systems without confinements

[39-41]. This mathematical form of Zf(f , T) will be very useful in the next section to approach the problem of the ensembles
equivalence for large molecules. From now on we suppose to work with functions V (x) yielding partition functions Z; (7, T)
and ij(f , T) convergent everywhere. From Eq. (25) it is not difficult to prove that if the integral is convergent with a

continuous function V (x), then A(f ) is a differentiable function of f This property is important to develop the following
calculations. We remark that the determination of the Helmholtz partition function cannot be performed in closed form
but, however, we can exploit the property stated in Eq. (16).

3.1. Particular cases

Although we will prove the equivalence of ensembles for an arbitrary potential V (x), we introduce here some specific
polymer models, as examples useful in several applications. Three important chains belonging to such a class of polymers
are the following:

o freely jointed chain (FJC) model;
e flexible model with extensible bonds;
e chain model consisting of domains which can exhibit conformational transitions between two states.

The corresponding partition functions for the Gibbs ensemble are reported in Table 1.

The Gibbs partition function for the FJC model is a standard result in polymer theory [11,12] and, for the sake of
completeness, it is reported in the first line of Table 1. This mathematical form can be recovered by taking into consideration
a spring like interaction potential V (x) = (1/2)k(x — I)? and by performing the limit for the constant k approaching infinity.
So doing, we impose the constant length I to all bonds between adjacent monomers, as discussed in Ref. [19].

The second model considers an extensible bonds chain (EBC) described by harmonic interactions. Each spring is defined
by the potential energy V (x) = (1/2)k(x — )2 forx € (I — A, |+ X)), where k is the spring constant and [ is the equilibrium
bond length (both quantities assuming finite values). The potential is set to infinity forx ¢ (I— A, [+ X) in order to impose a
limited extension of the spring both for expansion and compression (see Fig. 2, top panel). The correspondent Gibbs partition
function is given in second line of Table 1. Other details concerning this model can be found in the literature [19].
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Table 1

Partition functions of the polymer models described in Section 3: FJC (freely jointed chain), EBS (extensible bonds chain) and
TSC (two-state chain). The function 7 is defined as /7 («, y, Xp, a, b) = 2 fab xe~ 5 —%0)? sinh(yx)dx.

Source: For its closed form expression see Refs. [19,20].

Polymer model  Gibbs partition function

FIc Z:(f, T) = const. x [%I‘\‘f;ﬁ]’v
EBC z(f. 1) = <2ﬁ7m>3w/z (ﬁ)N « [n(ﬂk’ﬁ“f”’l’liA’l+2>:|N
3N/2 N
TSC (T = (h7m> ! (%) x [n(ﬁk,ﬁllfll,xf,o,xl) e My <_/3k’/3||1?||,xo,x1,xz>

+ e PAET (B, BIFI %4, %0, +0) ]N

To conclude, we consider a two-state chain (TSC) consisting of N domains, able to describe conformational transitions of
the polymer structure. The internal state of each domain is described by a potential energy V (x), which exhibits two minima
corresponding to the lengths x = x; (folded conformation) and x = x, (unfolded conformation), connected via an energy

barrier M at x = X (see Fig. 2, bottom panel). The energy is written as a G2 piecewise function, constructed by imposing
continuity and differentiability at the joining points x; and x,

%k(x — xf)2 0 <x<x
Ve = { —ke—x0l +M x <x<x (26)
%k(x —x)?+AE x> x.
For chosen values of the lengths x; and x,, the domain spring constant k, and the energy difference AE between the two

conformations, all the other parameters are simply calculated as follows. The domain length variation generated by the
force-induced conformational transition is given by

§ =Xy —Xf, (27)

the energy barrier position and amplitude are

Xy + Xf AE
= 2—, 28
Xo 5 + 5 (28)
M—k 8+2AE 2 (29)
42 Tks ]
and the extremes of the domains x; and x, can be evaluated through the expressions
+ 5 + AF (30)
X1=x+-4+—,
TV T ks
ook 31)
X =x,— -+ —.
2 Y4 ks

We remark that this model properly gives a barrier with x; < xo < x, only for [AE| < k%. When x;, x,,, k and AE are fixed,
the model is completely defined and we get the partition function given in the third of Table 1. The application of this model
to several conformational transitions observed in polymers of biological origin (DNA [44], large protein domains such as the
Ig units in titin [45], and polysaccharides such as the dextran [53]) can be found in a recent paper [20].

In the next section we consider the class of polymers here introduced, and in particular the three examples described, in
order to prove the equivalence between the Gibbs and Helmholtz ensembles.

4. Equivalence of the ensembles

We consider a polymer with the partition function given in Eq. (24) and we determine the Gibbs constitutive equation
stated in Eq. (10)

- d 19
F(f,T)) = ksT — log Z: = kT — —=Z;, (32)
o T T o
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which immediately assumes the simpler form
L2 19 10A
(F(f, T)) = kT — —A" = NkgT— —. (33)
AN 5f A of
In order to take into consideration the Helmholtz ensemble we take advantage of Eq. (16). Therefore, by using Eq. (24), we
easily get

it
Z:(f, T) = const. X f [Ai) Ve %7 djj. (34)
9"3
Consequently, the Helmholtz constitutive equation is given by Eq. (6)
- 0 10
(f(r,T)) = —kgT — log Zy = —kgT — —<Z7, (35)
or Zz or

or, by using Eq. (34), by the following expression

LEE
3 e ®T [AGi) IV d7

(1) =17 (36)
Jos e BT [AGD)INd7
Now, we must compare the two ensembles through Egs. (33) and (36). The Gibbs vision in Eq. (33) furnishes
)=o), (37)
while the Helmholtz vision in Eq. (36) gives
) =w@. (38)

If we have the ensembles equivalence for N — oo (i.e. the same constitutive equation), @ must be the inverse function of
¥ (and vice versa) and, therefore, we must obtain

lim ¥ (@) =F. (39)
N—oo
We begin by constructing the quantity ¥ (@ (f )) as follows

o il Nk 71 9AQ) ~ R
s e A0 o (A" di

w(@(f)) =i

ik NkgT = AD y
Jys € BTG A [AG]” di

. —N[ 7 ﬁ{@ﬂlog,q(iﬁ)} R
_ ifm3 ne LAV dn

Pa—— (40)
il 1 0Ad) s .
‘/;RBe N|:A(f) of +1logA(1n)] ;}
By defining the phase function
Lo A
g() = —= - —=— +ilogA(in), (41)
A(f) of
we can simply write
N « _'e_lNg(;))d_)
oy =i L (42)

s e NeGdy

The integrals appearing in Eq. (42) can be asymptotically evaluated (N — oo) through the method of the stationary
phase [42,43]. The underlying principle of the method is the assertion that the major contribution to the integrals comes
from the points where the phase function g(#) is stationary, i.e. dg (1) /917 vanishes. Therefore, we search the points (if any)
that make the phase g(7) stationary. We prove the existence of a single value 7j, so that

[ag—(ﬁ)} —o0. (43)
m - Jizs,

Working out the derivative, we get

dg 1 9A() 1 |:8A()?)j|
f=in

9n  AG) of AGn) | of
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So, the condition in Eq. (43) is verified if and only if

1 0A(f 1 | 0A¢f
LA _ 1| 2A0) (45)
A(f) of A(in) of
a condition proving the existence of the following unique stationary point
o = —if. (46)

It is a remarkable result that we can obtain the position of the stationary point in closed form. Such an achievement allows
us to apply the stationary phase method as follows. We develop the phase function in a power series centered in 7 = 7jg
and we retain the terms up to the second order

- - g . . 1. . I,
g() ~ g(io) + %(n — fio) + 5 (i — 10) "H (7 — 7o), (47)

-

where H is the Hessian matrix of g(7) calculated for = 1y = 1f Moreover, we observe that —% =0forn =1y = —if,a
condition leading to the simplified expression

o o 1. . S S
g0 = g(io) + = (1 = 110) " H(i = o) (48)
Returning to Eq. (42), for N — oo we have

S iN[eGo)t L G o) THG—70)] 4=
gp(gp(f)) NTLOOi o e iN[g(0)+ 5 (G1—10)" H(® no)]d,7 (49)
~ ——— —.
[ e~ iNIgGio)+3 (i—7i0) " HGi—7i0)] 35

In this calculation we have considered an expansion up to the second order only. This can be justified by means of the
following theorem: we consider an arbitrary integral I (N ) = f h(X) exp[Ns(x)]dx with h(x) and s(X) sufficiently regular.
If s(x) achieves its global maximum at a unique point X, and the Hessian of s(x) at X, is negative definite, we have
I(N) = P(N) + R(N), where P(N) is the standard approximated expression obtained by considering the second order
expansion of s(X) (as we did above) and R(N) is the remainder term satisfying limy_, ., R(N)/P(N) = 0. It means that the
terms of order larger than two in s(X) generate vanishing terms in the limit N — oo. An exact proof of this property can be
found in Ref. [42, Theorem 41, p. 56].
Now, performing the change of variable 1 — 5y = w (yielding di = dw), we get from Eq. (49)

> N> 13 (u) + T]O)e_lN » Hw]d
vy "= il S
/;] i wldy

f7 3 we—lN[w ]I-]Iw]d
i

= ino +i ST . (50)
Now, we can use the standard results for the integration of multidimensional Gaussian functions
- i M g~ 2
/ we " M dw =0 e N, (51)
N
—i i g w3
e dw = #0, (52)
93 M

which are valid for any symmetric complex matrix M having all eigenvalues with strictly positive real part. These properties
can be used in Eq. (50) by assuming M = iNH and by supposing that all eigenvalues of iH have strictly positive real part.
This condition will be studied in detail below. Finally, we get from Egs. (50)-(52)

- N—>oo . = -
V(@) =~ in=i(—if) =f, (53)
and we have therefore proved the equivalence of the Helmholtz and Gibbs ensembles in the thermodynamic limit.
Now, it is essential to investigate the sign of the real part of the eigenvalues of iH. To this aim, from Eq. (41), we can write

9g 1 3A() 1 dA(iT)
a’?k_A(f) afk A(iﬁ) 377k

(54)
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and
Fg .9 (1 9A(in)
omome o (A(i?z) a1 )
_ i 9AGH) dAGH) | i 9%AG) (55)
A%(in) dnn  Onk A(i7) dnpdnk
So, we have

1 9A(in) 0A( 1 9%A(in
iH = — (in) dA(in) L (n)' (56)
A2(i) dmn Ome AR dnndn
It is important to remark that A(f ) has a spherical symmetry (i.e. it depends only on the length ||f|| of the vectorf): this is
manifest in Eq. (25) and in the partition functions of the examples presented in Section 3. Therefore, also the function A(i7)
exhibits a spherical symmetry, depending only on the quantity ||77||. Explicitly, from Eq. (25) we easily obtain

- 2rm\>? an o ) .
A(in) = (—) — exp [—BV (x)]sin(B||nlx)xdx. (57)
B Blinll Jo

By introducing the dimensionless quantity & = Bl||7|| (being I the equilibrium length of each bond) and the change of
variable x = ly (with y again dimensionless), we may define the real function B(£§) £ A(in) as follows

. .
B(&) = const. x / exp[—BV(ly)] Smify)ydy (58)
0
We can now further develop the derivatives in Eq. (56). To do this we observe that
dA(in) _ 9B(§) 9§ _ 9B() 13||77I| (59)
ann 9&  Inn 0§ ann
and, by using the standard property d||7||/dn, = nn/||7|l, we obtain the first result
dA(in)  9B(§)
= — Bl— (60)
O 0§ ||77I|
We can similarly determine the expression for the second order derivative
0%A(in) 0 (88(5)/8 )
dmdme Ik \ € Il
1 [8 2 — B 3°B
_p [ il = mne 9B®) 0 (f)] 61)
71l 71l 9§ 9§
Summing up, these results can be used in Eq. (56), by eventually obtaining
1 dB(E)\> 1 1 [Smllil? — B 3°B
iy = —— (8] ”ﬁ”’; < (S)) B Bl—— [ hk“’?”_) Nhnk OB(§) + Blnen, (25)]‘ (62)
B*(§) 71l 9§ B(&)" Il 71l 0§ 0

We remember that we defined & = BI||7j|| and that the Hessian matrix must be evaluated for j = 7y = —if (see Eq. (46)).
Moreover, since the system is geometrically isotropic we can apply the force in an arbitrary spatial direction; to simplify the

calculations we assume f = (0, 0, f) (leading to ||f|| = f and ||5|| = if). In this case, from Eq. (62), we obtain the simpler
form
uw 0 0
= |:O u O:|, (63)
0 0 A
where
_ B [ 1 33(&)} 64
ST VT N T N (64
2 2 2
_e ] <aB<s>> _PBe] (65)
BE) | BE) \ 0§ 2 .

Since the matrix iH is now diagonal, A and u are its eigenvalues; moreover, they are manifestly real. The equivalence between
the Helmholtz and Gibbs ensembles is therefore proved if . > 0 and © > 0 for any value of the applied force f. We remark
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that Eqs. (64) and (65) are valid for any kind of interaction potential V (x) acting among adjacent monomers. Indeed, the
function B(¢) appearing in Eqs. (64) and (65) is explicitly given in Eq. (58) as function of V (x). To conclude our demonstration,
we prove that A > 0 and u > 0 for any admissible (with convergent partition functions) continuous potential V (x).
After some straightforward calculation we can obtain the following expressions (we neglect the non influential constant in
Eq. (58))

[B(&)]zipn = /O e MV Wg (y)ydy, (66)
1| 9B o
E=ipfl 0
9’B o0
—[ 3;25 )} = / e M Wgs(y)ydy, (68)
E=ipfl 0
where we defined the kernels
_ sinh(Blfy)
81 - ﬁlf 5 (69)
l h(Blfy) — sinh(Bl
oy — BIeos (ﬂﬂéyl)ZfZ sinh(A1fy) 70)
2 212£2y2Y sinh(Blfy) — 281 h(Bl
£(y) = (2 + B°Ff*y?) sin ;flgz Blfy cos (ﬁfY). 71)

It is not difficult to verify thatg; > OVf € 9, g, > OVf > 0(and g, < OVf < 0), and finally, g3 > 0Vf € ). The proof
that u > 0Vf € 3 becomes evident by multiplying Eqgs. (66), (67) and the factor Bl/f. Since [B (§)]:_igq is always positive,
to prove the same property for A, we consider the term in square brackets in Eq. (65). We have to verify that

AB(£) > 9B
[(%) _B®) a;f)] -0, (72)
E=ipfl
or, equivalently, that
o0 [e%s) e’} 2
/0 e PVWg, (y)ydy /0 e PV Wgs(y)ydy > [ /0 ef’v(’”gz(y)ydy} : (73)

In order to analyze this inequality we consider the following general expression

2
[ / x(t)y(t)dt] = / X2 (t)dt / yA(t)dt — % / [x(s)y(t) — y(s)x(t)]? dsdt, (74)

which is valid for two arbitrary functions x(t) and y(t). Since the last integral term in Eq. (74) is always positive, we obtain
the so-called Cauchy-Schwarz (or Cauchy-Bunyakovsky) inequality

2
[ / x(t)y(t)dt] < / x(t)2dt / y(t)4dt, (75)

where the equality holds exactly when one function is a scalar multiple of the other. Since g; is not proportional to g3 we
can affirm that

[ee) [e%e) e’} 2
/ e PWg, (y)ydy / e PV Wgy(y)ydy > [ / Ve PWg, (y)y/ e‘ﬂv(’”gw)ydy}
0 0 0

e’} 2
= [ f e PV /g (V)\/g3(Y)de} : (76)
0

where we have used the property that g; and g5 are always positive. To conclude we simply verify that

/ e W /g () Ve )ydy > / e MW, (y)ydy 77)

0 0

by observing that g1g3 > g22 (by using Egs. (69)-(71) it is easy to prove that this inequality is equivalent to sinh?(x) > x?,
which is always verified Vx € 9t). Finally, we have eventually proved Eq. (73) and, therefore, the eigenvalue X is positive for
any value of the applied force f. This conclude the proof of equivalence of the considered statistical ensembles (under the
simple hypothesis of continuity of V (x)).
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5. Examples of equivalence

Now, we consider the three examples introduced in Section 3 and we briefly describe the ensembles equivalence in such
cases.

5.1. Freely-jointed chain

We start with the FJC model described by the Gibbs partition function reported in Table 1. It corresponds to the Gibbs
constitutive equation r = NIL(BIf), where .£(x) = cothx — 1/x is the Langevin function [1,12]. We adopt the adimensional
variables 7 = r/(NI) and f = BIf and we show in Fig. 3 (top panel) the force-extension curve for the Gibbs ensemble
(r= £(f )) and for the Helmholtz one. This latter has been obtained theoretically with the procedure described below and
confirmed with the Monte Carlo method [54,19,55]. We assumed the parameters | = 1, N = 4,5, 10,50 and kgT = 1in
arbitrary units. It is important to remark that the Gibbs curves with adimensional variables are independent of N since the
partition function is an exact power with exponent N. Differently, the elastic response in the Helmholtz ensemble depends
on the number of monomers N. The deviation between the Gibbs and the Helmholtz constitutive equations is evident for
small values of N. On the contrary, they converge to the same curve when N — oo0. In this simple case we can obtain the
closed form expressions of the eigenvalues  and A

,31 1] ﬁ
K= [Coth(ﬂlf)— ﬁ] =7 L (BIf), (78)
1T (B
"o [1 sinhZ(ﬂlf)] | 7o)
and we can define their adimensional versions 1 = u/(B1)? and r=x /(BD?, leading to
i=i"c(f). (80)
A =f"2 —sinh7f. (81)

These results are represented in Fig. 3 (bottom panel), where we observe that 4 > 0 and /i > 0, as expected. Interestingly
enough, we note that 1(0) = 1(0) = 1/3.

We briefly describe the techniques for obtaining the force-extension curves for the FJC in the Helmholtz ensemble. We
can start with the Gibbs partition function given in the first line of Table 1 and we can substitute it in Eq. (16). After some
straightforward calculations we get the famous exact expression obtained by Rayleigh [56]

+00 ,Ol
Z(F,T) = —/ sin pr( p ) pdp, (82)

where r = ||7||. Now, we remark that Z:(F, T) = p(7) (to within a multiplicative function independent of 7), where p(F)
represents the density probability of the second epd-terminal of the chain, being the first one grafted at the origin of the
axes [1]. So, we obtain the polymer response as {f) = —kBT% logZ: = —kBT% log p(¥). Another exact finite expression
was found by Treloar with a completely different probabilistic approach [57]

-> r S
p(P) = 212 (N 21 2 Z(— )y ( ) (— i N)’ (83)

which is valid in the sequence of intervals NI — 2(k + 1)I < r < NI — 2kl (covering the entire range from 0 to NI), where
k =0, 1, 2, 3 and so on. It is not difficult to prove (numerically or analytically) the perfect agreement between Eqs. (82) and
(83). Moreover, these curves have been also confirmed through standard Monte Carlo simulations for N = 4, 5, 10, 50. In
several important works a series of approximations for p(r) and for the corresponding force-extension curve have been
elaborated [22,58-60]. Incidentally, it is interesting to observe that the authors of Ref. [22] obtained an approximated
expression based on the eigenvalues p and A givenin Eqs. (78) and (79), here used to check the equivalence of the ensembles.
The interested reader can see Egs. (25)-(29) in Ref. [22].

5.2. Chain with extensible bonds

Similar results for the chain with extensible bonds are shown in Fig. 4. In this case we adopted the parameters | =
1,N=4,5,10,50,A =1,XY = 1,k = 100 and kgT = 1 in arbitrary units. The series of curves representing the Helmholtz
ensemble are converging to the Gibbs curve, as expected. Fig. 4 shows that differences between the two ensembles are
considerable for short chains. As before we note that the eigenvalues are always positive, as predicted by the presented
theory. A complete discussion about the polymer systems with extensible bonds can be found in Refs. [19,61]. In particular,
it has been shown that the convergence to the thermodynamic limit upon increasing contour length is described by suitable
power laws and some specific scaling exponents, characteristic of the model [19].
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Fig. 3. Force-extension curves for Gibbs and Helmholtz ensembles (top panel) and adimensional eigenvalues (bottom panel) for the freely jointed chain
(FJC) model.

5.3. Chain with conformational transitions

Finally, we take into consideration a chain of domains that can exhibit conformational transitions. We adopt the
parameters x; = | = 1,x, = 3,N = 4,6,10,300, AE = 50,8 = 2,k = 50 and kgT = 1 in arbitrary units. In
Fig. 5 (top panel) one can find the force-extension curves for the two ensembles. The response at constant applied force (a
realization of Gibbs ensemble) shows that the conformational transition occurs simultaneously for all the domains at a given
threshold force f = AE /& (plateau curve, cooperative behavior) [20]. This behavior has been observed in the over-stretching
of DNA [44], and in polysaccharides such as the dextran [53]. On the other hand, the response at constant displacement
(a realization of the Helmholtz ensemble) shows that the domains exhibit a sequence of independent conformational
transitions to the unfolded configuration, generating a series of N peaks (sawtooth pattern, non-cooperative behavior) [20].
This kind of response has been observed in large protein domains such as the Ig units in titin [45]. Typically, all experimental
results can be subdivided in these two separated classes showing cooperative and non-cooperative mechanically induced
unfolding. It is therefore interesting to observe that the two-state polymer system is able to capture at the same time the
main features of both responses. In other words, the experimental force-extension curves for short and long polymers are
described by a unique universal model, which can be used with different boundary conditions. From the point of view of the
Helmholtz force-extension curve (in our case with N = 4, 6, 10, 300 peaks), when the chain length is increased, the width
of the peaks is decreased until, at a large enough N, the force-extension curve approaches again the plateau curve of the
Gibbs ensemble [20]. Such a behavior can be easily identified in Fig. 5 (top panel). This is a further proof of the equivalence
between the considered statistical ensembles. The behavior of the eigenvalues for this system is shown in Fig. 5 (bottom
panel). In spite of the more complex shape of the curves representing the eigenvalues versus f , they are positive for any
value of the applied force, confirming the equivalence of ensembles also in this case.

A similar dependence of the response on the type of loading devices (Helmholtz versus Gibbs) has been found in recent
literature for a chain of bistable elements [62-64]. In addition to the above biophysical applications, discrete sequences of
bistable (or multi-stable) elements are indeed largely used to model several physical systems: discrete phase transforma-
tions of small-scale specimen of standard materials, Hamiltonian dynamics of Fermi-Pasta-Ulam chains, elasticity of shape
memory alloys and so on.
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Fig. 4. Force-extension curves for Gibbs and Helmholtz ensembles (top panel) and adimensional eigenvalues (bottom panel) for the extendible bonds
chain (EBC) model.

6. Conclusions

In this work we investigated the equivalence between the Gibbs and Helmholtz ensembles in the thermodynamic limit
for single polymer chains in absence of any form of confinement. In particular, we rigorously proved the equivalence
for the class of polymer models characterized by a continuous pairing interaction between neighboring monomers. To
verify this property, we directly compared the force-extension curves of the two different ensembles, by obtaining the
accordance for large molecules. To do this, we exploited the stationary phase method, applied to the integrals defining the
Helmholtz force-extension response. We thoroughly analyzed the sign of the eigenvalues of the Hessian matrix of the phase
function in order to accurately justify the applicability of stationary phase method. The results are in perfect agreement
with those in Ref. [31], which is a recent work of great importance to clarify this subject. However, we adopted a completely
different methodology since we directly compared the force-extension responses while, in Ref. [31], the entropies and free
energies are examined utilizing the maximum entropy principle. The attainment of the same conclusion, obtained with
two completely different methods, represents the unequivocal proof that the conjugated ensembles are equivalent in the
thermodynamic limit.

We add some further comments about the controversy concerning the ensembles equivalence emerggd in earlier lit-
erature. We remember that the constitutive laws given in Egs. (37) and (38) map different quantities: (f) and 7 for the
Hglmholtz ensemble and (¥) and f for the Gibbs one. As consequence, in Figs. 3-5 we plotted on the same graph |F| versus
[(f)| for the Helmholtz results and |{7)| versus |f| for the Gibbs ones (we adopted scalar dimensionless variable for con-
venience). For N — oo the two ensembles converge to the same curve, because of the proved equivalence. Following the
theoretical works of Neumann [24,26] and the numerical verification of Siizen, Sega and Holm [37], we observe that dif-
ferent comparisons, based on different average values can be taken into consideration. For spherically symmetric systems
we can con51der the force- extensmn responses |(f)| = «a(|F]) or (|f|) v (|7]) for the Helmholtz case and the relations
(7)) = ,3([f|) or {[f]) = 8(|f|) for the Gibbs one. The functions & and S are the scalar counterparts of those defined in
Egs. (37) and (38). Hence, we have 8 = a~! (or & = B~!) in the thermodynamic limit. On the contrary, it easy to prove
thaty =1 # B,a~! # §and y ! # § for any polymer length N and, therefore, also for systems in the thermodynamic limit.
The different behavior between y and S or between o ! and § is not related to the length of the polymer but rather to the
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Fig.5. Force-extension curves for Gibbs and Helmholtz ensembles (top panel) and adimensional eigenvalues (bottom panel) for the two-state chain (TSC)

model.

transformation of random variables introduced to determine the average value of the modulus of the vectors 7 andf (in gen-

eral [(w)| # (Jw|)). To conclude, some forms of inequivalence have been observed by defining different observables. This
point has generated the controversy largely discussed in the literature. However, these deviations do not indicate statistical
ensemble inequivalence, because the introduced variables are just different average values with a clearly distinct behavior.
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