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A strict statistics of self avoiding random walks in d-dimensional discrete
(lattice) and continuous space is proposed. Asymptotic analytical expres-
sions for the distribution and distribution density of corresponding random
values characterizing a conformational state of polymer chain have been
obtained and their quantitative estimation has been given. It is shown that
conformation of polymer chain possesses a structure of spherical or, more
commonly, of elliptical shell diffusely blurred both outside and inside the
polymer coil, which nucleus is statistically void and has a radius of about
half of Flory radius. Statistics of self-avoiding walks describes complete-
ly an effect of excluded volume and meets the terms of Flory method in
Pietronero’s concepti.
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1. Flory method and Pietronero’s concepti

One of the peculiarities of long flexible polymer chains is that their thermody-
namic and dynamic properties in solution are to a great extent determined not by
the nature of links but by their quantity, i.e. by conformation of macromolecules.
The basis of its description is a model of free-joined Kuhn’s chain and statistics
of random walks (RW) of its growing end [1]. In terms of those statistics, the dis-
tance distribution between the chain ends is described by Gaussian function having
two features: distribution mode corresponds to zero distance between chain ends,
and root-mean-square radius Ry of polymer coil and chain length N correlate as
Ry ~ NV, where v = 1/2. Experimental data show the values close to 3/5.

Taking into account the effects of short range ordering, e.g. of fixed valent angles
and hinderance of internal rotation [2,3]|, do not change the shape of distribution
function and the correlation Ry ~ N'/? but increase Ry that can be interpreted in
terms of the increase of a statistical length of equivalent Kuhn’s chain segment [4].
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It was several times noticed [2,3] that soft polymer chain configuration differs in
one important relation from RW trajectory: it must not intersect. This limitation
known as long range ordering effect or excluded volume effect demands new statis-
tics, i.e., statistics of self-avoiding walks (SAW). The attempts made (see [2]) have
not permitted to solve this problem completely.

That is why the authors of references [5,6] find the success of Flory method
(after de Gennes [7]) to be especially unexpected. In this method, the free energy F
of polymer chain conformation in k7" units is presented by a sum

F =vN?/R* + dR?/2a*N, (1)

where v = a?(1 — 2x) is an excluded or an effective volume of monomer link, a is
its statistical length, y is a Flory-Huggins parameter, R is a distance between chain
ends and d is the Euclidean space dimension.

The augend in (1) represents a pairwise repulsion energy of chain links in the self-
consistent field approximation, and the addend represents the polymer chain elastic
energy determined via entropy (F' = —T'S) of its conformation in RW statistics.

Minimization of F' by R permits to find the equilibrium or the most probable
radius Ry of Flory coil:

Rf = CLfNU, <2>
3
YT WUty 3)

where a; = a(1 — 2y)Y(@+2),

Formula (3) appears to be universal: it is in good accordance with the results of
physical experiment and computer simulation of SAWs on a lattice [5-8].

Flory conception put in expression (1) cannot give a strict explanation for those
results. That is why, Pietronero [5] has proposed another concepti of Flory method,
in accordance with which, both components of expression (1) possess an entropic
nature but the conformation entropy is determined by SAW statistics.

Pietronero’s concepti makes explainable a good correlation of Flory method for-
mula (3) with the results of SAW computer simulation on the lattice and gives a
heuristic landmark for the construction of strict SAW statistics.

2. Statistics of SAWs on a d-dimensional lattice

Let us incorporate the numbers n; of chain end steps along the ¢ direction of
d-dimensional lattice with cell size equal to statistical length of chain link. Besides:

Zni:N, i=1,d. (4)

The quantity of realization variants of random steps along the i direction is equal
to n;!/n In;1, where the numbers of steps in positive n;” and negative n; directions

of wandering are correlated by n; + n; = n;. Considering that the probability of
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wandering positive or negative direction choice is assumed to be the same and equal
to 1/2, the probability w(n;) that at given n;, nj positive and n; negative steps will
be made is determined by Bernoulli distribution:

w(ng) = (%)n nilfntin- ! (5)

Then, incorporating the quantity of effective steps s; = n;” —n; along i direction
of wandering, we obtain n;” = (n; + s;)/2, n; = (n; — s;)/2. Then (5) can look like
the following:

w(ny) = (%) /(s 52 ((ns — 52)/2)L. (6)

For d-dimensional wandering we have
w(n) = (;) LT/ /20 = /201 )

One can see that change of sign at s; does not change the value w(n). That is
why w(n) represents the probability that the trajectory of random wandering after
n; steps along 7 directions will be finished in one of 2% cells M, (s), which coordinates
are determined by vectors s = (s;), i« = 1,d having a distinction in signs of their
components s; only. These cells or states of chain end are equiprobable.

The condition of self-avoidance of a RW trajectory on d-dimensional lattice de-
mands the step not to fall twice in the same cell. From the point of view of chain
link distribution over cells it means that every cell cannot contain more than one
chain link. Chain links are inseparable. They cannot be torn off one from another
and placed to cells in random order. Consequently, the numbering of chain links
corresponding to wandering steps is their significant distinction. That is why, the
quantity of different variants of N distinctive chain links placement in Z identical
cells under the condition that one cell cannot contain more than one chain link is
equal to Z!/(Z — N)!.

Considering the identity of cells, a priori probability that the given cell will be
filled is equal to 1/Z, and that it will not be filled is (1 — 1/7). Respectively, the
probability w(z) that N given cells will be filled and Z — N cells will be empty,
considering both the above mentioned condition of placement of N distinctive links
in Z identical cells and the quantity of its realization variants, will be determined
by the following expression

w(z) = 21(1/Z2)N(1 —1/2)%N )(Z — N)I. (8)

Probability w(s) of simultaneous event, meaning that the RW trajectory is also
the SAW trajectory and, at given Z, N and n;, it will fall with its last step into one
of 2 equiprobable cells M, (s), will be equal to

w(s) = w(z)w(n). (9)
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Let us find the asymptotic (9), assuming Z > 1, N > 1, n; > 1 under the
condition s; < n;, N < Z. Using the approximated Stirling formula Inz! ~ xIlnz —
z+1In(27)"/? for all x > 1 and expansion In(1—1/Z) ~ —1/Z,In(1-N/Z) ~ —N/Z,
In(1 4 s;/n;) ~ +s;/n; — (si/n;)?*/2, and assuming also N(N — 1) ~ N2, we will
obtain

w(s) ~ Bexp{—NQ/Z - % Zsf/nz}, (10)

where 7! = e(271)%/2.

With the growth of the quantity s; of effective steps the chain end moves away
from its origin increasing the conformational volume where those SAW trajectories
are localized at that end in one of 2¢ equiprobable cells M, (s). That is why the cells
quantity Z, allowed for a SAW trajectory, is not a fixed parameter of distribution
(10), but it is a function of vector s = (s;) : Z = Z(s). This function choice can
be made based on different geometrical estimations — see figure 1. For instance,
if one considers that conformational volume of SAW trajectories is localized in d-
dimensional rectangle with vertexes M,(s), then Z = 2¢]]. |s;|. If one assumes that
conformational volume is localized in the sphere with radius of R, = (3, s7)%/?
then the expression Z = (3, s?)%? can be used for a definition. At least, if one
assumes that fiducial cells M, (s) belong to an ellipsoid surface, which semi-axes in
accordance to canonical equation Y, s?/b? = 1 must be equal to b; = d¥/?|s;], it can
be laid: Z = d¥?[], |si|. The analysis has shown that this definition is the most

suitable (it will be confirmed below), that is why we assume
Z =d"* ] |sil. (11)
Putting together (10) and (11), we have

w(s) = ﬁexp{—]\f? / J4/2 H lsi| — %Zsf/nz}, 1<s; < ny. (12)

Function w(s) determines the probability of a complicated event meaning that RW
trajectory is also a SAW trajectory at the same time and with it last step it falls into
one of 2% equiprobable cells M,(s) or one can say that it realizes the state M,(s).
This implies that it is numerically equal to the part of those SAW trajectories from
the whole quantity of RW trajectories (2d)”, which realize the state M,(s). Quantity
L(s) of such trajectories define the thermodynamical probability of a realization of
the state M,(s)
L(s) = (2d)Nw(s). (13)
Summing L(s) over the whole set {2 of chain end states, we find the total quantity
L of SAW trajectories

L=(2d)" w(s). (14)

Q

o) = Y ep{-N? [ @ [ Il = 5 3/}, (15)

Designating
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Figure 1. Geometrical variants of determination of RWEI trajectories conforma-
tional volume at given coordinates of equiprobable states M (.S) of chain end for
a two-dimensional lattice.

the function
w(s) = 1/els)exp{~N* [ @ [ lsi| = 5 3" s/n} (16)

is normalized to unity and define the mathematical probability of chain end distri-
bution over the states M,(s) of d-dimensional lattice. It equals to the relation of
quantity L(s) of those SAW trajectories, which realize the state M,(s), to the total
quantity of SAW trajectories L : w(s) = L(s)/L.

In turn, the ratio L/(2d)" equals to the part of total number of SAW trajectories
from the total number of RW trajectories and is a function g(V) of SAW trajectories
fatigue, in accordance to terminology [5,6], and quantitatively, it can be determined
via the normalizing constant of distribution (16):

g(N) = L/(2d)" = Be(s). (17)

3. Statistics of SAWSs in continuous space

Expressions (12)—(17) represent the SAW statistics at d-dimensional lattice. Let
us work with a metric space, incorporating the variable of shifting the z;-semi-axis
of conformational ellipsoid, with the states M,(s) belonging to its surface

z; = als;|d"/? (18)
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and parameter o; is the standard deviation of the Gaussian part of the distribution
o7 = a*nd. (19)

In accordance with (4), the coupling is laid on the value o;

Y o} =d’Nd. (20)
Since s2/n; = 22 /o2, dY? ], |si| =[], z:/a? , the distribution (12) can be rewritten
as follows

w(z) = 1/c(x) exp{—adN2 / sz - %fo/af}, a < x; < an;. (21)

If Zimin = @ < Timax = an;, the distribution (21) can be considered as a continuous
one with a normalizing constant

Tmax

1
_ d 72 2/ 2
c(z) = /exp{—aN /lll’l—§ g xi/ai}dx, a<z <ang,  (22)

Zmin

where dz = I1;dz;, and the integral is d-aliquot. In this case: c¢(x) = a%d¥?c(s).

Substitution of (18) induces an essential distinction between w(x) and w(s): w(z)
determines the probability w(z)dz that the SAW trajectory at given parameters N
and o; will be ended in elementary volume dx, laying on an ellipsoid surface with
semi-axes x;, ¢ = 1,d. In the other case, all the surface of ellipsoid is a geometrical
place of points or chain end states with the same corresponding distribution density
w(zx).

Maximum of w(z) at given N and o; corresponds to the most probable or equilib-
rium state of a polymer chain. Semi-axes ! of equilibrium conformational ellipsoid
can be found from the condition

Olnw(x)/0x; = a®N? / x; sz —x;/ol =0  when x; =2 (23)

Solving the system of algebraic equations (23), we obtain

1/(d+2)
¥ =0, (adN2 / HO’Z) .

Let us continue to consider the situation when all the directions of chain steps
are equiprobable, i.e.

(24)

o} =op =a’N. (26)

Substitution of (26) into (24) makes the semi-axes of equilibrium ellipsoid equal,
and equal to the radius of Flory coil

1) = Ry = aN”, (27)
where v is defined by (3).
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4. Some properties of distribution in SAW statistics

To avoid the utilization of parameter a, i.e., the length of chain link in calcula-
tions, we will use a dimensionless variable

Besides, let us consider only the distribution corresponding to the condition
(25) of RW equiprobability over the axes of d-dimensional space. In this case the
expressions (21) and (22) can be rewritten as follows

w(\) = 1/C(A)exp{ (R¢/o0) ( /H)\+ Z)\2>} (29)

c(\) = I, (30)
we [ en{-ma(1/ T 5o

where dA = [, dAi, Amin = ad'? | R¢, Amax = aN/Ryd'/?. Normalizing constants of
distributions (21) and (29) are correlated with c(\) = c(x)/R¢, that is why we have
a coupling

c(s) = (Re/a)le(N)/d¥? = c(x)/a%d?¥?. (32)

In accordance to (26) and (27)
(Rf/00)2 _ N(4fd)/(d+2). (33)

Quantitative estimation of Iy (and of the following ones) is performed using the
Romberg’s algorithm from Mathcad software with accuracy parameter of Tol =
10~%. Values I, are listed in the table.

Values \? = 1, i = 1,d, relating to maximal distribution density, correspond to
the equilibrium state of polymer coil

w(A°) = 1/c(X) exp{—(R¢/00)*(d + 2)/2}. (34)

Distribution density decreases at any deviation of values \; at A’ = 1: it this case
it tends to zero not only at \; — Ay, but also at A\; — Apin. Consequently, the
probability of chain end placement close to its origin is negligibly small. The latter
makes a radical distinction between SAW statistics and gaussian RW statistics.

Figure 2 represents the illustrations for several variants of function w(\) be-
haviour for a three-dimensional space d = 3 at (R;/00)?> = N'/°, equal to 3 and 4,
and changing of one variable ), at fixed values of A, =\, =1, \;, = A, = 0.8 and
Az = Ay = 1.25. The two latter variants clearly show what will happen at the defor-
mation of polymer coil: at compression along x and y axes, polymer chain stretches
along z axis transforming to oblong ellipsoid of revolution; on the contrary, at com-
pression along z axis, polymer chain stretches along x and y axes transforming to
oblate ellipsoid of revolution.
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Figure 2. Behaviour of distribution density w(A) at the variation of A = A, and
fixed values of A, and \, for d = 3. NV/5 = 3(1,2,3), N> = 4(4), A\, = )\, =
1(1,4), Ap = Ay = 0.8(2), As = A, = 1.25(3).

Starting moments M(\*) (k = 1,2) of distribution (29) are numerically calcu-
lated (as it was mentioned before) using the correlation

M(\F) = 7ax)\fw(>\)d)\. (35)

)\min

Values M (\¥) for Flory coil do not depend on the index i. Root-mean-square
value \g = (M (\?))/2, dispersion D(\) = M (\?) — (M ()\))? and standard deviation
a(A\) = (D(X))'? of distribution (29) are calculated via the values M () and M (\?).
A part of the data calculated is presented in the table.

Table 1. Some characteristics of distribution density w(\)

N5 To L) M [MOT X DN o
2 7.72-1072 | 8.39-1072 | 1.139 | 1.487 | 1.219 | 0.191 | 1.437
4.0 1.91-107° | 2.00-107° | 1.073 | 1.246 | 1.116 | 0.094 | 0.307
6.0 | 7.11-10° | 7.33-10°° | 1.048 | 1.163 | 1.078 | 0.065 | 0.255
80 |3.13-10°0 [321-10 | 1.035 | 1.125 | 1.060 | 0.053 | 0.230
100 | 1.52-10 12 | 1.55- 102 | 1.026 | 1.099 | 1.048 | 0.045 | 0.217
12.0 | 7.79-107% | 79-107" | 1.024 | 1.083 | 1.041 | 0.034 | 0.185
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5. The fatigue function

The fatigue function g(NV) is defined by (17) and expresses the part of the total
quantity of SAW trajectories from the total quantity of RW trajectories. The latter
quantity (2d)% is strictly defined for the lattice only, i.e. for the discrete space of
wanderings. The total quantity of RW trajectories for continuous space is unknown,
however the fatigue function can still be defined by (17) via normalizing constant
c¢(x). Considering coupling (32), we can express the fatigue function via normalizing

constant ¢(\):
9(N) = B(Re/a)’d=c(N). (36)

One can use the quantitative values ¢(\) = I presented in the table for calcu-
lations. However, in case of d < 4 space, one can give an approximated analytical
expression [y, using the Laplace’s method [10]. Then, at d = 3, the fatigue function
can be written as follows

g(N) = goN3/? exp{—5/2N"/*}, (37)

where gy = (e24/53%2)~1. Function (37) possesses a maximum at N5 = 3. Its
graphical representation is given in figure 3.

0.04 T T T T T T
g(N)
0.03 | |

0.02 | ]

0.01 |+ ]

0.00 1 1 1 1 1

Figure 3. Dependence of fatigue function g(/N) by (37) on a chain length N.
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CtatncTuka niHiHMX NnoniMepHUX NIaHLWoriB y Mmoaeni
BUNAAKOBUX OJIyKaHb i3 CAMOYHUKAHHAM

l0."MepnBeneBcbkunx

BipaineHHs IHCTUTYTY ®i3UYHOI XiMil
iM. J1.B.Mucapxescbkoro HAH YkpaiHu
79053 JIbBiB, ByN. HaykoBa, 3a

Otpumano 20 rpygHs 2000 p.

3anponoHoBaHa To4Ha CTaTUCTNKa BUNaaKOBMX B1ykaHb i3 CAaMOYHUKaH-
HAM NONIMEPHOro NaHuora y d-sMMipHOMY AMCKPETHOMY (rpaTka) i B He-
nepepBHOMY rnpoctopax. Oaep>xaHi aCUMTOTUYHI aHANITUYHI BUpa3u ons
po3noainy i ryCTMHM po3noainy BiANOBIAHMX BUNAAKOBUX BENNYMH, LLIO
XapakTepusyloTb KOHHOPMALLIMHWIA CTaH NOAIMEPHOr0 NaHuora, AaHa ix
KinbkicHa ouiHka. lNMokasaHo, Wwo KoHdopMaLia NoAiMePHOro naHura
Mae CTPYKTYpy cpepunyHoi abo, y Binblu 3arasibHOMY BUNaaKy, enincoia-
HOT 0B0JIOHKM, WO ANDY3HO PO3MUTA SIK HA30BHI, TaK i BCepeauHy no-
nimepHoro knybka, S4po SKOro 3 paniycom nopsiaka rnosoBUHU pagiyca
®dnopi ctatucTnyHo Nycte. CTaTMCcTMKa BUNaakoBux 6aykaHb 6e3 nepe-
TUHIB NOBHICTIO ONUcye epekT BUy4eHoro 06’emy i 36iraeTbcs 3 pesyib-
TaTamu metony dPnopiy koHuenuii MN’eTpoHepo.

Kniouogi cnoBa: metoa @opi, ctatuctvka, BUnaaKkoBi 6J1yKaHHS,
noAiIMepPHUV TaHLIor, KOHGopMaLis, PYHKLIS BUXKNBAHHS

PACS: 05.40.Fb
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