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Abstract—The samples of five hybrid dendrimer (lactopolypropylene imine) generations were studied by the
methods of molecular hydrodvnamics, including the sedimentation velocity. translational diffusion. and intrin-
sic viscosity measurements in 0.165% aqueous NaCl solutions. The molecular masses (1.9 < My x 1073 < 46.5)
and the corresponding hydrodynamic dimensions of the dendrimer molecules were determined. and the scaling
relationships between the hydrodynamic characteristics and molecular masses were established. The results are
interpreted taking into account that 80% of the lactodendrimer mass is concentrated at the ends of the dendrimer

molecules.

INTRODUCTION

Dendrimers, representing molecules having a regu-
lar branched structure with identical branching points
contained within every repeat unit, have been exten-
sively studied in the recent decade [1-4]. There are two
main processes for the synthesis of dendrimer struc-
tures—diverging, whereby every next generation arises
from the preceding one as a result of layer growth [1],
and converging, when the initially grown branched
dendron units are cross-linked with the core [2].

The dendrimer substances, composed of dendrimer
molecules, have good prospects for a number of appli-
cations [1-4] determined by their special structure,
controlled architecture, and a large content of reactive
terminal groups a priori assumed to be equally accessi-
ble. Note that dendrimer structures with both organic
and inorganic skeletons have been reported [1, 4-6].

Dendrimers can be also considered as unique semi-
products for numerous subsequent modifications. The
possibility of grafting various compounds onto the sur-
face of dendrimers allows us to design various struc-
tures such as monomolecular micelles, new catalytic
systems, dendrite boxes, and metallodendrimers. The
possible biological applications of dendrimers are
related to specific interactions between different bio-

! This work was partly supported by the Russian Foundation for
Basic Research, project no. 96-03-33847a.

logically active molecules, primarily between sugar
ligands and protein receptors. For example, it is sug-
gested that several sugar fragments attached to the
external dendrimer layer are capable of forming tightly
bound complexes with protein receptors which will be
stabler than individual sugars. Dendrimers are also con-
sidered as potential carriers of oligomeric sugars for the
synthesis of neoglucoconjugates to replace the carriers
based on proteins and synthetic polymers [7].

Problems encountered in the study of dendrimers
are directly related to the fundamental questions arising
in the investigations of branched macromolecules.
Structures of this type, initially termed the regularly
branched polymers, were originally considered by
Flory [8], W. Kuhn and H. Kuhn [9]. and Tsvetkov [10].
For example, a relationship between the radius of iner-
tia of a uniformly branched coil and the coil volume,
including branches that are most distant from the coil
center, was established in [9]. Analytical expressions
for the radius of inertia as a function of the total number
of branches in the cases of uniform tri- and tetrafunc-
tional branching were derived in [10]. These results
were inspired, to a definite extent, by investigations of
the gel formation processes and the study of natural
branched polymers such as glycan, starch, and lignin
exhibiting branching predominantly of the short-chain
type and statistical character [11].
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A new step in the synthesis and study of regularly
branched polymers—now called dendrimers—began in
the 1980s, in particular, from the works of Tomalia et
al. [12, 13] devoted to poly(amidoamine) dendrimers
obtained by a diverging process.

The concepts of design, modification, and applica-
tions of these molecules is based on the two principal
assumptions. First, the reactive terminal groups are
assumed to be equally accessible in all stages of growth
and modification. Second, the dendrimer core is
assumed to have a lower density (i.e., to be “hollow”)
as compared to periphery of the molecule.

These assumptions were confirmed by analytical
calculations of De Gennes and Hervet [14] based on
evaluation of the free energy of dendrimers as deter-
mined by two main factors: intramolecular repulsion
and elastic forces (operative in rather long and flexible
spacers). The free energies were calculated using a self-
consistent field method in the Edwards version.

However, the following works using methods of
computer simulation [15-17] and the calculations per-
formed by the methods of molecular dynamics [18, 19]
and equilibrium self-consistent field [20] led to conclu-
sions that were at variance with the preceding results. It
was established that, first, the dendrimer density is
maximum at the center and decreases toward periphery
and. second, the free ends are distributed over the entire
volume of a dendrimer molecule rather than concen-
trated in the outer layer. It should be noted that all the-
oretical calculations were performed for neutral
(uncharged) homodendrimers containing sufficiently
long spacers between neighboring branching points.
The chain length between the neighboring branching
points is such that every such portion of the chain can
turn into a coil. Molecules of this type are featuring a
competition between the entropy forces and the
excluded volume effects, although it is assumed that
the thermodynamic rigidity of the chain remains
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unchanged on the passage to higher generations of den-
drimers.

Experimental works devoted to systematic investi-
gations of the dimensions and molecular masses of
dendrimers are rather seldom [12, 21-23], and the
results reported by different groups are sometimes con-
tradictory. The most thorough experimental study of
the hydrodynamic properties of dendrimers is appar-
ently that reported by Aharoni et al. [21], where the
intrinsic viscosity, translational diffusion coefficients,
and size-exclusion GPC characteristics of the rers-buty-
loxycarbonyl-poly(a,e-L-lysine) were measured in the
range 0.51 < M x 107 < 233.6. To our knowledge, no
data on the hybrid dendrimers exist in the available lite-
rature.

Below, we report on the study of hybrid dendrimers
(lactopolypropylene imines) by the conventional meth-
ods of molecular hydrodynamics [24-26].

EXPERIMENTAL
Hybrid lactodendrimers were prepared using
poly(propylene imine) dendrimers of the type

DAB-dend(NH,), obtained by diverging synthesis as
described in [27, 28]. The core of the initial
DAB-dend(NH,), dendrimers represents diaminobu-
tane. Subsequent generations were synthesized by a
repeated sequence of the reactions of acrylonitrile addi-
tion to primary amines followed by hydrogenation of
the nitrile terminal groups. The attachment of D-lactose
to the primary amino groups of DAB-dend(NH,), was
ensured by forming an amide bond with the aid of
D-lactose N-hydroxysuccinimide [29-31]. The side
reactions were avoided by using protective acetate
groups removed subsequently by exhaustive deacetyla-
tion. Presented below are the structural formulas of five
hybrid lactodendrimer generations (1- 5):
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Regularity of the structure of synthesized lactoden-
drimers was confirmed by NMR spectroscopic data and,
for the first two generations—by comparing their molec-
ular masses, determined by mass-spectrometry to the
results of calculations (M) according to [30, 31].

Lactodendrimers are well soluble in pure water.
However, experiments on the translational diffusion
revealed asymmetry of the diffusion curves that did not
vanish with time. Taking into account that the initial
poly(propylene imine) is a polycation, this behavior
was reasonably explained by manifestations of the
charging effects. Adding a low-molecular-mass salt
(NaCl) to the solution rendered the diffusion curves
symmetric, this character retained with time. All hydro-
dynamic measurements were performed in 0.165%
NaCl. The solvent characteristics were as follows
(25°C): density py = 0.9982 g/cm’: dynamic viscosity
Ny = 0.893 cP.

The translational diffusion was studied by the clas-
sical method based on the formation of a boundary
between solution and solvent followed by monitoring
of the variation of this boundary with time. The bound-
ary smearing was measured with the aid of a polariza-
tion interferometer [25]. The translational diffusion
coefficients D, were calculated from data on the time
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The solution-solvent boundary was obtained using
the layers of solutions with concentrations of the order
of 0.3 x 10 g/cm?. The Debye criterion of dilute solu-
tion is ¢[n] £ 0.02, which allowed the diffusion coeffi-
cients obtained to be considered as the values obtained
by extrapolation to zero concentration.

The sedimentation velocity was studied on a Beck-
man Model E and MOM 3180 analytical ultracentri-
fuges operated at the rotor speeds 47660 and
40000 rpm, respectively. The experiments were con-
ducted in the cell with artificial boundary formation.
Figure 2 shows typical plots of Alnx versus Ar whose
slopes were used to calculate the sedimentation coeffi-
cients S = (Alnx/Ar)@2. The concentration dependence
of S, as well as that of D, was ignored.

The intrinsic viscosities were determined by extrap-
olating the quantities 1 ,/c and Inn,/c to zero concen-
tration (Fig. 3). The average value of the Huggins con-
stant, determined from the slope of the first plot, was
k'=16%08.

The buoyancy factor 1 — vp, of lactodendrimers was
measured using a densitometer of the Kratky type
(A. Paar, Austria) [32]. The measurements were per-
formed both in pure water and in NaCl solutions. The

Series A Vol. 40 No. 12 1998
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Fig. 1. The plots of diffusion boundary dispersion vs.
diffusion time for five lactodendrimer generations (/—3,
respectively) in 0.165% NaCl. For convenience, every

plot is shifted relative to the preceding one by 2 mm?
along the dispersion axis.

partial volume v calculated from the 1 - vp, values was
virtually the same in both pure and salinated water. The
experimental hydrodynamic characteristics of lacto-
dendrimers are summarized in the table.

RESULTS AND DISCUSSION
Molecular Masses

The molecular masses of lactodendrimers were cal-
culated from the values of translational diffusion coef-
ficient D, sedimentation coefficient S, and the buoyancy
factor 1 — vp, using the Svedberg formula Mg, =

[RT/(1 = vpy)] X (S/D).

These experimental data are listed in the table in
comparison with the theoretical values My, calculated
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Fig. 2. The plots of sedimentation boundary displace-
ment vs. sedimentation time for five lactodendrimer
generations (/-5, respectively). For convenience,
every plot is shifted relative to the preceding one by
20 min along the time axis.

for the dendrimers studied on the basis of their struc-
tural formulas (Fig. 1). Significant distinctions between
Mgp and My, are observed for the dendrimers of
higher generations. This deviation can be related, for
example, with association of the initial poly(propylene
imine) dendrimers (as confirmed by data for the initial
DAB-32 presented in the table) or their possible associ-
ation in the stage of modification. For the two highest
generations studied, the molecular mass ratio is
Msp/Myeor = 1.4

Another possible explanation is related to the pres-
ence of additional lactose units attached to the initial
dendrimers as a result of secondary reactions. The
number of additional lactose groups attached to den-
drimers of various generations can be considered pro-
ceeding from Mg,, My, of the initial
DAB-dend(NH,),, and the molecular mass M = 413.42
of a lactose fragment with the spacer C,sH,s0,,S (see
table). Nor is the possibility of “rigid” binding of some
part of the solvent molecules to dendrimer molecules
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Fig. 3. The plots of ng,/c (upper curves) and Inn,/c
(lower curves) vs. concentration diffusion time for
five lactodendrimer solutions ( /-3, respectively). For
convenience. every plot is shifted relative to the pre-
ceding one by 2 cm?/g along the abscissa axis.

fully excluded by analogy to what was observed in lin-
ear polyelectrolytes [33].

Hydrodvnamic Radii of Equivalent Spheres
and Scaling Relationships

Once the values of the diffusion coefficients are
determined, we may calculate the radius of a hydrody-
namically equivalent sphere using the Stokes relation
f= 6mnRy. The molecule in friction is modeled by a
hard homogeneous sphere impermeable for the solvent.

PAVLOV et al.

The radius of the hydrodynamically equivalent
sphere can be also estimated on the basis of viscometric
data using the Einstein formula

[N] = 25N,(V/M) = (10/3)RNA(R./M).

The Ry and R, values are given in the table. In the
interval of the hydrodynamic radii Ry studied, a rela-
tionship between Ry and R, can be approximated by an
empirical formula R, = 1.219Ry; — 6.9 or by a power
function Ry = 2.37R, .

If the dendrimer molecules were hard spherical par-
ticles with the density p related to the specific partial
volume v (p = v™'), they would have a lower expected
intrinsic viscosity ([n], =2.5v = 1.8-1.7 cm’/g) virtu-
ally independent of the molecular mass. By comparing
the experimental values of [n] to the above estimate
[n]., we may estimate the volume fraction (Ml/M]exp)
of the dendrimer substance in the model sphere. This
estimation procedure gives values of the order of 25—
30% for dendrimers of the higher generations, which
are several times higher as compared to analogous esti-
mates for the linear macromolecules. This result is
indicative of a greater density of substance in the vol-
ume occupied by a true dendrimer molecule.

Proceeding to discussion of the results of our exper-
iments, it is necessary to formulate the following gen-
eral considerations concerning some structural features
of the lactodendrimers studied. First, a distance
between two neighboring branching points in the
chains of the initial dendrimers is sufficiently small
(AL =5 x 10* cm). As a lower boundary for estimates
of the rigidity of a linear noncharged chain of a
poly(propylene imine) analog, we can take the rigidity
of an aliphatic chain without bulky substituents. The
Kuhn segment length for such a chain is 4 = 20 x
10-® cm [25]. This implies that even the fifth generation
of a poly(propylene imine) dendrimer has the chain

Hydrodynamic and molecular characteristics of lactodendrimers in 0.165% NaCl at 25°C

Generation| [l | Dx 107, 3 3 | Ry x 108, | R, x 108, |4, x 10710,
number ol -1 ems S. Sv v, cm’/g [Mgp X 107 |M peor X 10 e n & em - n
1 32 17.7 0.40 0.709 1.9 1.97 13.8 9.9 2.09 3.8
2 3.9 14.6 0.75 - 43 4.07 16.7 13.9 2.43 8.5
3 4.9 12.2 1.2 - 8.0 8.29 19.9 18.4 2.73 15.3
4 5.6 8.5 2.6 0.686 24.0 16.71 28.7 2.7 2.81 49.6
5 7.0 6.8 4.2 0.669 46.2 33.56 359 372 3.01 952
4* 5.0 10.7 0.47 0.862 8.1 351 225 18.6 2.40 -
* Initial dendrimer DAB-32 measured in 0.926% NaCl; 1y = 0.9055 cP; p,, = 1.0036 g/cm®.
POLYMER SCIENCE  Series A Vol. 40 No. 12 1998
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length of a single dendron comparable with the Kuhn
segment length (L = 25 x 107 cm). Therefore, the
results of the theoretical calculations and computer
simulations obtained for dendrimers with coil-like
fragments between the neighboring branching points
are inapplicable to the dendrimers studied in this work.
It is hardly probable that the ends of rather short chains
would be uniformly distributed over the entire volume
of the dendrimer molecule.

Second, the poly(propylene imine) chains are carry-
ing positive charges and, hence, must feature additional
electrostatic interactions. The short-range electrostatic
contacts lead to an additional increase in the equilib-
rium rigidity [34]. Thus, the chains become relatively
shorter (the L/A ratio decreases). Taking into account
the above factors, we may suggest that the lactose frag-
ments are concentrated in an outer layer of the lacto-
dendrimer rather than distributed over the whole den-
drimer volume. It should be also noted that about 80%
of the molecular mass in lactodendrimers are concen-
trated at the ends of the dendrimer molecules.

If the lactodendrimer generations studied would
represent a homologous series of rigid nondraining
homogeneous spheres, then (taking into account that
the molecular mass is directly proportional to the
sphere volume: M ~ V) we might conclude that [n] ~
V/M ~ M" and the viscosity [1] must be independent of
M. However, this is not observed in our case. Assuming
that all the molecular mass is concentrated in an outer
layer, we conclude that M ~ R*and V ~ R*, which yields
for the nondraining spherical shell [n] ~ V/IM ~ R ~
M2, The method of data plotting presented in Fig. 4a
leads to the following scaling relationship:

5£0.021

0.554 x M**° (r = 0.9885).

(]

The viscometric data in Fig. 4a are also plotted
against M., As is seen, the character of the relation-
ship remains virtually the same. although the scaling
index increases to b, = 0.272 0.011 (r = 0.9977).
Thus, the scaling index acquires an intermediate value
0 < b, <0.5. This result agrees with the theory of Zimm
and Kilb [35] developed for the calculation of intrinsic
viscosities of model branched chains. In particular,
according to this theory, the strongly branched chains
(with the number of branching points proportional to

M) are characterized by [n], = K| M 0 , where [n],
is the viscometric scaling index for a linear homolog.
For a linear analog in the ideal solvent, bn =0.5, while
the branched polymer has b, = 0.25.

Recently, Mansfield and Klushin [36] have esti-
mated the [n] value for dendrimers by the Monte Carlo
method using the Lescanec—Muthukumar model [15].
The upper limit for [1] was estimated proceeding from
the results of Zimm [37] obtained without preliminary
averaging of the Oseen hydrodynamic tensor. It was
also suggested that the lower limiting estimate for 1]
Series A Vol. 40  No. 12
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Fig. 4. Effect of the molecular mass of lactodendri-
mers on (a) the intrinsic viscosity (for (/) Msp and
(2) M peor] and (b) the coefficients of (/) diffusion and
(2) sedimentation.

can be obtained using a procedure of the preliminary
averaging of the hydrodynamic interactions according
to Fixman [38]. It is expected that the true [n] values
fall between these limits. Our viscometric data exhibit
a qualitative correlation with the upper estimate of [n].
However, a direct comparison of our experimental data
to the above theory is hardly possible because simple
dendrimer models do not make allowance for the chem-
ical heterogeneity of hybrid dendrimers studied in our
work.

Data on the translational friction are also well
described by the scaling relationships (Fig. 4b):

(0.305 £0.013)

[D] = 551 x107°M" . (r=09972):

0.692 £0.015

[S] = 6.80x107"°M (r = 0.9993).
However, the relationships between the scaling indi-
ces describing the rotational and translational friction,
which were obtained for the linear polymer homologs,
are not satisfied. This circumstance requires additional
investigation, in particular, by studying behavior of the
dendrimer series in various solvents. In our opinion,
another open question is whether the series can be con-
sidered as homologous when comparing the results of
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investigation of the dendrimers belonging to different
generations.

Hydrodynamic Invariant

On the passage from one dendrimer generation to
another, we must also take into account a possible
change in hydrodynamic interactions in the volume
occupied by the dendrimer molecule (in other words, a
change in the degree of draining). In our case, this
change can be reflected by the value of the hydrody-
namic invariant A, = kB (B is the Flory—-Mandelkern
invariant) [39]. The value of A, can be calculated using
the experimental values of [n], D. and S upon excluding
the effect of dimensions of the molecules in friction.
Assuming that the dimensions are identical for the
translational and rotational friction, we obtain

A, = (RIDIISID"”,

where [D] = Dny/T, [S] = Sng/(1 — vpy), and R is the
universal gas constant. The A values calculated in this
way are presented in the table. As is seen, A, increases
with the number of generations: for the higher genera-
tions, the A, values are close to that obtained from the
hydrodynamic coefficients of Stokes and Einstein cal-
culated using the model of hard nondraining spheres
[Ap oon = 2.914 x 1071 (erg mol'”)/K]:

1/3

Ag=kP) @),
®, = 2.5N,(41/3)x 100" = N, /30,

PO=6TC,

where the factor (100)~! is introduced because the val-
ues of [n]are expressed in the units of 100 cm?/g.

For the linear chain molecules, the A, value is virtu-
ally constant in the region L/A > 10 [39]. At the same
time, a monotonic variation of A, was obtained in the
Debye—Bueche theory [40] describing translational and
rotational motions of a homogeneous draining sphere.
The A, value increases with the screening coefficient in
the region of its small values. According to the theory
describing behavior of a solid cylinder without volume
interactions between parts of the cylinder (6-condi-
tions) [41], the A, value decreases with decreasing
effective size L/A in the region L/A < 1. This behavior
of the A, value probably implies that either @, or P, (or
both of them) is not constant in the series of structures
studied. If the fundamental principle of size equiva-
lence for the translational and rotational motions is
adopted, the above result implies that ®, < nN,/30
and/or P, > 6m.
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JAKTOJEHJIPUMEPOB B PACTBOPAX!

© 1998 r. I. M. I1aBnos*, E. B. Kopueesa**, C. A. Henoroases***,
K. Jumel**** S, E. Harding****

*Hayuno-uccaedosamenvckuii uncmumym ¢uauxu Cankm-Ilemepbypecko20 20cy0apcmeerHo20 yHugepcumema
198904 Cankm-Ilemep6ype, [lempodsopey, Yavanosckan ya., |

** [ HCmumym 8bICOKOMONEKYARAPHbLX coeduHeHull Poccuiickoll akademuu nayk
199004 Canxm-Ilemepbypz, Foavwoii np., 31

**xSchool of Chemistry, University of Birmingham
Edgbaston, Birmingham B15 2TT, UK

**¥xxNarional Centre for Macromolecular Hydrodynamics, Nottingham
University, Sutton Bonington Campus, LE12 5SRD, UK

[Mocrynuna B pegakyuto 12.11.97 .
[MpunsTa B neyats 26.02.98 r. .

MeTonamu MONEKYNSPHO#M THIPOAUHAMHMKH HCCIE[OBAHbI NATH FEHEPALHIA THOPHIHBIX IEHPUHMEPOB — JIaK-
TONOTHNPOMHWIEHHMUHOB. MccnefoBanus nposefienbl B BORHbIX 0.165%-Hbix pactBopax NaCl. OnpeneneHsl
MM B untepsane 1.9 < Mgp x 1073 < 46.5 1 COOTBETCTBYIOLIHE FHAPOJHHAMUYECKUE PA3MEDBI IEHNPUMED-
HBIX MOJIEKY1, [IOTyYeHbl CKEJTUHIOBbIE COOTHOLUEHHS MEXK/Y THAPOAHHAMHYECKHUMH XapaKTEpPHUCTHKAMH
(x03(pPHLUHEHT CKOPOCTHOH CEIMMEHTALIHH, K03(bpUUHMEHT MOCTYNATENBHOM M DY3UH U XapAKTEPUCTH-
yeckas BS3KOCTb) H MM. Pe3ynbTatThl 06Cyx/IeHbI € y4eToM Toro dakTa, 4to 80% Macchl 1aKTOAEHAPH-
MEpOB COCPEAOTOYEHbI Ha KOHUAX JCHIPHMEDPHBIX MOJIEKYJL.

BBEIJOEHHE

JleHapHMepbI — MOJIEKYITbI, HMEIOLLUE PETYIISIPHO
Pa3BETBIIEHHYIO CTPYKTYPY, B KOTOPBIX HIEHTHYHbIE
TOYKHU BETBJIEHHS COEPXKATCA B KaXXJOM MTOBTOPS-
IOLLEMCS 3BeHE, SIBISIOTCA NMPEJMETOM HCCIIENOBa-
HHil B mocnenHue necdath et [1-4]. CywecTByoT
IBa OCHOBHbIX crnocoba CHHTE3a ACHAPUMEPHBIX
CTPYKTYP: pacxXofsiiiuiicst, KOraa Kaxpas rnocjueny-
Iolasl TeHepalusl MoJiydaeTcd U3 NpeAbIAyLEeH B
pe3yibTaTe MOCAOHHOro HapamuBaHus [1], H cxo-
OSLIMACSA, KOrJa CHayaja Mojy4arT pa3BETBIIEH-
Hble BETBH (€IHMHUYHbIE NCHAPOHBI), a 3aTEM IIpH-
IIMBAIOT HX K KOpY [2].

JleHIpHMepHbIE BEILECTBA, COCTOSLIHE H3 JEH-
PHUMEPHbBIX MOJIEKYJI, MOTYT HaHTH LLIHPOKOE MpUMe-
HeHHue [1-4] B cuny cneuuUKy HX-CTPOEHUs, KOHTPO-
JIHPYEMOCTBIO HX apXUTEKTYPb! U CBSI3aHbI B MIEPBYIO
ouepefb ¢ GONBLIHM YUCJIOM PEaKLHOHHOCIIOCOOHDIX

! Pa6oTa BeImONHEHA MpH 4aCTHYHOH (PHHAHCOBOH MOMIEPXKKE
Poccuiickoro ¢oHna ¢yHraMeHTanbHbIX HccaeaoBaHHi (Kon
npoekTa 96-03-33847a).

KOHLEBLIX TPYIII, HHTYUTUBHO [10J1araeMbIX PaBHO-
pocTynHbIMH. [Tony4eHbl JEHIPHMEPHBIE CTPYKTY-
pbl KaK C OPraHUYECKHMM, TaK U C HEOPTaHHYECKUM

ckenetoM [1, 4-6].

JengpuMepbl pacCMaTPUBAIOT KaK YHHKaJbHbIC
MOJNYIPORYKThI ANl MHOTOYHCIIEHHBIX XUMHYECKHX
Monudukauui. BO3MOXHOCTH NPUKPEIUIEHUS OMpe-
HENEHHbIX BEIIECTB K IOBEPXHOCTH NEHAPHMEpPOB
MO3BOMSIET KOHCTPYHPOBATh YHHMOJIEKYJISIDHbIE MH-
LEJUIbI, HOBbIC KAaTAJIUTHYECKHE CHCTEMbI, NOHIPHT-
Hble GOKCbI, METAJIJIOAEHAPHMEDDI. B GHOIOrHYECKHX
cHcTeMax MCIIONb30BaHUE MOTH(UIMPOBAHHbBIX IEH]-
PHMEDOB CBSI3bIBAIOT CO CHEUU(PHIHOCTHIO B3aHUMO-
AEUCTBUI MEX/Y pa3lIMYHOro THNa GHONOrHYEeCKUMH
MOJIEKYJIaMH, H IPEXJIE BCETO MEX1y CaxapHbIMH JIH-
raHgaMH 4 MPOTEHHOBBIMHU peuenropamu. [Ipenmo-
JIaraeTcsl, YTO HECKOJIbKO caxapHbIX ()parMeHTOB,
NPUCOEAMHEHHBIX K BHEIUHEMY CJIOIO JIEHpUMEDa
croco6HbI 06pa3oBaTh 6oyiee MpOYHbIE H CTaOUAb-
Hble KOMIUIEKCHI C MPOTEHHOBBIMHM PELENTOPAMH,

2056



[MOCTYIATEJLHOE UM BPAUATEJILHOE TPEHWE MOJIEKY

HCM HHJMBIlyanbHble caxapa. [leHaApuMepbl paccMa-
TPHUBAIOTCS KaK [PHUBJIEKATENbHbLIC MOTEHIHATbHLIC
HOCHTENIM OJIHrOCaxapoB MPU MPUCOTOBJIEHUH HEO-
[NTIHIOKOKOHBLIOFATOB BMECTO HOCHTEJIEH Ha OCHOBE
IIPOTEHHOB HIIH CHHTETHYECKHUX MOoJiuMepoB [7].

Bonpocsl, Bo3HHKaOUME NPU U3YYEHHU TeHPH-
MEpOB, HAaMpsAMYyIO CBsi3aHbl C (PyHAAMEHTATbHbIMH
npoOeMaMH, CYyLIECTBYIOLIMMH MPH U3YUYEHUHU Pa3-
BETBJICHHLIX MaKpoMoJieKyJl. [TogoOHble CTPYKTY-
pbl, KOTOpbIE Ha3BAJIM CHa4asa peryjispHO pa3BeTs-
JIEHHBIMH MMOJIUMEPAMH, ObIJIKH PaCCMOTPEHBI €lle B
paborax Flory [8], W. Kuhn u H. Kuhn [9], LIBeTkoOBa
[10]. Tak, B pabore [9] Obuia ycTaHOBNEeHa CBSI3b
MEXAYy PpajdyCOM HHEPLHMH PaBHOMEPHO pa3BETB-
JIEHHOro kjy0ka U ero o6beMoM, OXBaThbIBAIOILIUM
HauboJiee ynajieHHble OT LEHTpa KJIyOKa BETBH.
B pa6ote [10] nonyyeHbl aHaNUTHUYECKHUE BbIpaXKe-
HHA VIS pafiMyca HHEPLHH B 3aBHCHMOCTH OT OOLIIEro
4yMcla BETBEH /11 TPH(PYHKUUMOHANBHOIO H TeTpa-
(YyHKUMOHANBHOIO PABHOMEPHBIX BETBJIEHHH. DTH
pe3yJbTaThl B ONPEAEJIEHHOHN CTeneHd ObUTH MHULK-
HPOBaHbl HCCIEOBAHHAMH [POLECCOB reneobpas’o-
BaHUs1, a TAKXKE H3YHEHHEM NIPUPONHBIX Pa3BETBIICH-
HBIX MOJIMMEPOB, TaKUX KaK NIMKAaH, KpaxMas, JIur-
HHUH, HMEIOLIMX MPEUMYILECTBEHHO KOPOTKOLEIHOM
THIl pa3BETBJACHHOCTH U SIBJISTFOLLIUXCS CTATHCTHYEC-
KH pa3BeTBJIEHHbIMH [11].

HoBb1# 3Tan B 06;1acTH CHHTE3a M HCCIICTOBAHUS
peryasipHO pa3BETBJEHHbIX NOJHUMEPOB-IEHIPH-
MepoB Havancs B 80-x rogax, B 4aCTHOCTH C paboT
[12, 13], nocBsAlEeHHBIX TEHAPUMEPAM MOJTHAMUIO-
aMMHa, [10JIy4aeMbIX PacXOSLLUMCS TUIIOM CHHTE3a.

KoHuenuus KOHCTpyHpOBaHHs, MOIU(HUKALNH U
MCIOJIb30BAHUS TAKMX MOJIEKYN 6a3upyeTcs Ha ciie-
NYIOLHX MPEANOJIOXKEHHSX: BO-NMEPBbIX, PABHOAOC-
TY[HOCTh PEAKHOHHOCHOCOGHBIX KOHILIEBLIX TPy
Ha BCEX CTaJIUsAX POCTa U MOJU(HKALMH, BO-BTOPDIX,
MoJjlaraeTcs, YTO CepAUEeBHHA [EHAPUMEpPA HMEET
MEHBIUYIO IJIOTHOCTb MO CPaBHEHHIO ¢ nepudepuei
MOJIEKYJIbI, T.€. SIBISIETCS OTHOCHTEJILHO MOJIOH.

[TopTBEepXaeHHE 3TUX MPeCTaBleH i ObLUIO MO-
Jly4YeHO B aHaJIMTHYecKHX pacuetax De Gennes u
Hervet [14], OCHOBaHHBIX Ha OUEHKE CBOOONHON
3HEPrHM NEHAPHUMEPOB, ONpefesieMOi JByMs OC-
HOBHBIMH (paKTOpaMH: BHYTPHUMONEKYNSPHbIM OT-
TaAJIKUBAHHUEM H HAJIMYUEM YIPYTHX CHIT B JOCTATOY-
HO UTHHHBIX H TMOKHX crieficepax. PacueT cBoGOHOM
HEPTUH MPOBOAMIN METOJOM CaMOCOIIACOBAHHOTO
MoJisg B BEpCUH DBappca.

BBICOKOMOJIEKYJIIPHBLIE COE[IMHEHUSA
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OHaKO MOCAELOBABUINME 33 ITHM KOMIILIOTEPHOC
mopenuposanue [15-17], pacyeTsl MeTOgOM MOJIE-
KyasipHoit suuaMuku [18, 19] u pacdeTs! Ha ocHoBe
pPaBHOBECHOrO caMocorjacoBaHHoro nons [20] npu-
BOASAT K MPOTHBOMNOJNOXHBIM BbIBOAAM, @ UMEHHO:
JIOTHOCTb ICHAPUMEPOB MAaKCHMaslbHa B LEHTPEC M
yobIBaeT K nepugepuu; cBOOO[HbIE KOHLbI B JEH[-
pUMepax pacrnpefiesieHbl Mo BceMy 00'beMy, 3aHHUMa-
€MOMY MOJIEKYJION, a HE HAXOAATCA BO BHEUIHEM
cnoe. Heo6xoaMMO OTMETHUTE, YTO BCE TEOPETHYEC-
KHE pacueThl MPOBEJEHbI ISl CIIy4ast HE3aPSAXKEHHbIX
rOMOJIEHAPUMEPOB C THOKMMHU H OCTATOYHO JUIHH-
HbIMH CleficepaMH  MEXJy [MOC/Iel0BaTENbHbIMU
TOYKaMH BeTBJieHUA. [IIMHA y4yacTKa LENH MEXAy
[ByMsl TOYKaMU BETBJIEHHS TaKOBa, 4YTO KaX[bIi
y4acTOK LEMH MOXET CBOPAYMBaTbCA B KIYyOOK.
B Takux MOJieKyJ1axX CYyLIECTBYET KOHKYPEHUHS MEX-
Ny SHTPOMUHHOW CHJIOH M B3aUMOJEHCTBHAMH HC-
KJIFOYEHHOro 06beMa, NPH 3TOM MPEANoJiaraeTcs
HEM3MEHHOCTb TEPMOJUHAMHYECKOH XECTKOCTH Lie-
N4 MpH NEepexofie K FOMOJEHAPUMEDPAM BbICLIHX re-

Hepalui.

DKcnepuMeHTalbHble paboThl, B KOTOPbIX Obl CH-
CTeMaTHYECKH HcclefoBalud pa3Mepbl ©# MM pmeup-
pUMEPOB HE CTOJIb MHOTOYMCIEHHbI [12, 21-23], a
pe3yJbTaThl, MOJyYaeMbl€ pa3HbIMH aBTOPaMH, 3a4a-
cryro npotuBopedusbl. Haubonee nonubim axkcnepu-
MEHTaJbHbIM HCCIEIOBAHHEM THAPOAHHAMHYECKHX
XapaKTEPUCTHK JCHAPUMEDPOB SBJISETCS, MO-BHIHMO-
My, paboTa [21], rae H3MEPSUIM XapaKTEPHCTUYECKYIO
BA3KOCTb, KO03(pUUHEHTbI MOCTyNaTeNbHOH AuU-
¢dy3un u akckto3uonnyio ['TIX o6pasuos mperm-6y-
THJIOKCHKApOOHMI-NONH(Q, €-L-IH3MHA) B MHTEPBa-
ne 0.51 <M x 10~ < 233.6.

[JaHHblE MO HUCCIIEOBaHHIO TMOPHIHBIX AEHAPH-
MEpOB MPAKTHYECKH OTCYTCTBYIOT.

B Hacrosiei paboTe METOJaMH MOJIEKYJIAPDHOH
THOPOAHHAMUKH [24-26] u3y4anu ruOpuiHbie AEHN-
pUMEPBI — JIAaKTONOJIMIPONUIEHUMHHBI.

SKCINIEPUMEHTAIJIbBHAS YACTb

st nony4yeHuss THOPHAHBIX JIAKTOACHIPUMEPORB
MCIIONB30BaJK  MOJHU(MPONUICHUMHUH)IEHAPUMEDEI
(MAB-genn-(NH,),), nony4eHHbIE METOIOM pacxo-
aswerocs cuuresa (27, 28]. CepaueBHHON HCXOAHBIX
(DAB-neun-(NH,),) sBasiercs guamuHo6yrtad. Ilo-
CJIEAYIOLLHE eHEPALMU CHHTE3UPYIOTCS [PH [IOMO-
L({ NOBTOPSIIOLUEHCS MOCIEAOBATENbHOCTU PEAKLHH
MPUCOCNMHEHHS AKPUIIOHHTPHIIA K NEPBHYHBIM aMH-
HaM C [JajibHEHIUUM THAPHPOBAHHEM HUTPHIIBHBIX
koHuesbix rpynn. Ilpukpennenue D-nakTo3bl K
1998
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nepBUyYHbIM aMUHHbIM rpynnam [JAb-penn-(NH,),
HOCTHraau HOCPeACTBOM 0Opa3oBaHUst aMHAHOMH CBS-
34 ¢ ucronb3oBaHueM N-THAPOKCHCYKUMHUMHULA D-
nakrtosbl [29-31]. Tlobounbix peakuuit H3beran,

HO 01({) H
HO OH OH 0
1
HO OH H
Hog/ﬁo% :
S N
HO OH QH 0
2
HO OH
0
OH HO OH \/\“/
HO
‘3
HO 0}(1) H
A AV I
HO OH OH 0
4
HO OPCI) H
o]
O HO
HO (0]
S

PerynsipHocTh JIaKTOICHAPAMEPOB [OKAa3bIBAJIH
SIMP-cniekTpockonuei, a Takxke IJIS NEepPBbIX IABYX
reiepauui cpaBHeHHeM MM, onpeneneHHbIX Macc-
CIIEKTPOCKOIIHEMH, C pacYETHbIMH 3HaYEHUsIMH (M,,,,,)
[30, 31].

JIakTOEHAPHMEPDI XOPOLLIO PACTBOPSIOTCS B YH-
croit Bofie. OnHAKO NPH HCCIIENOBAHHHU IOCTYNATENb-
Hoi pmuddy3nu Oblia OOHapy>KEHa acUMMETpHs

BBICOKOMOJIEKYJISPHBIE COEOIWMHEHUS

[TABJIOB u ap.

MCIOJIb3Ys alUETATHBIC 3AWUMTHLIE IPYIIIbL C NOCTE/1Y-
IOLLIMM HCYEPIbIBAIOLLIMM Jle3alueTHanpoBanueM. Hu-
e NpUBEEHbI CTPYKTYPHbIC (DOPMYbl NSATH EHE-
palHMi TaKTOECHPUMEPOB.

9

nudPy3HOHHBIX KPUBBIX, KOTOpasi HE MCYE3aET CO
BpeMeHeM. MOXHO MpENONIOXHTh, YTO ITO IPOSIB-
JieHue 3apsiioBbIX 3(PEKTOB, IOCKOIBKY HCXONHbIH
NOJIMIPONAICHHMHUH ABJISETCS MOoAMKaTHOHOM. [lo-
6GaBlieHHE B .pacTBOpP HU3KOMOJIEKYJISIDHOH COJH
NaCl no3BoJHIO NOJNyYaTh CHMMETPHYHbBIE BO Bpe-
MeHu au¢y3HOHHbIE KpHBblE. Bee ruppoauHaMu-
yeckne ucciefoBanus nposopunu B 0.165% NaCl.

Cepust A Tom 40  Ne 12 1998
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262, Mm?

(I-4)

L 1 | | (5)

tx 1072, Mun

Puc. 1. 3asucumocts pucniepcun nuddy3HoHHOM
IPaHHIbI OT BpeMeHH AH(PY3HU 115 NATH reHepa-
uui nakrofenapumepos B 0.165% NaCl. Kaxpas
npsiMasi CMeIIEHa BIOJIb OCH AUCTIEPCHI Ha 2 MM MO
OTHOUIEHHIO K NpeJbIAyIel PAMOH.

XapakTepUCTHKH pacTBOpHUTeNs npu 25°C cienyro-
IHe: MIOTHOCTL Py = 0.9982 r/cMm3, aunammuyeckas
BA3KOCTB Ty = 0.893 cI1.

[Moctynarenshyto gucdy3uo neHApUMEPOB HC-
C/IeJOBAJIM KJIACCHYECKHM METOOM 0Opa3oBaHHs
rPaHHUbI MEX]Iy PACTBOPOM H PACTBOPHTEJIEM C MO-
cnepyrouei pukcauuei 3ToN rpaHuLbl BO BpEMEHH.
CucTeMO# perucTpaluy rpaHuubl SIBASUICS MOJISPH-
3aunoHHbIil uHTEphepomeTp [25]. KoadbduuueHnTs

BLICOKOMOIJIEKYJISIPHBIE COEIMHEHUS
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(Alnx) x 107

- 5
1.5
0.5

d 1
50 100 150
At, MHH

Puc. 2. 3aBHCHMOCTb CMELUEHHS CEIUMEHTALHOH-
HO¥i FPaHHUIbI OT BPEMEHH CEAUMEHTALHH ISl IISITH
reHepauui saktofenapumepos. Kaxpas npsmas
cMellleHa BIOJb OCH BpeMeH Ha 20 MHH [0 OTHOILE-

HHIO K MpefbInyLIed NpsSMON.

nocrynatenbHod Auddy3sun Dy paccUHTHIBAIH U3
3aBHCHMOCTEH JUCHEPCUH TpPaHHLUBl OT BpPEMEHH
(puc. 1) mo dopmyne

2 2
O = 0y +2Dt

[lpy nojmCNavBaHHH HCHONB30BaJId PacTBOPbI
KoHUeHTpauuii ¢ mopsiaka 0.3 x 1072 r/cM’, kpuTepwHit
Hebas pa3basneHHocTH pactBopa c[n] < 0.02, mo-
3TOMY KO3((PHUMEHTb! PACCMATPHBAJIM KaK 3HaYe-
HHsl, 9KCTPAIOJIMPOBAaHHbIE HA HYJIEBYIO KOHLEHTpA-
LHIO.

CKOpOCTHYIO CEJHMEHTALMIO H3yYaJlH Ha aHaJIH-
THYeCKHX ynbTpaneHTpudyrax “Beckman Model E”
1 MOM 3180. OnbITh! NPOBOAWIH B KEOBETAX C HCKYC-
CTBEHHbIM 00pa3oBaHHMEM rpaHHIbl. YacToTa Bpaine-
Hust poropa 47 660 u 40 000 06/MuH. 'pacpuky 3aBuCH-
MocTd Alnx oT At, U3 HaKJIOHA KOTOPBIX PaCCYHTHIBAJIH .

K03 PHUIUMEHTbI cefiMMeHTalMd S = (Alnx/AHw,

ToM 40  Ne 12 1998
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Nyl
Inn,/c

¢ x 102, r/cM’

Puc. 3. 3aBHCHMOCTH T}y,/C Inn,/c oT ¢ paa pac-
TBOpOB JNakTofeHapumepos B 0.165% NaCl npH
25°C. Kaxmas npsiMasi CMeILIEHa B[1OJIb OCH Ha 2ceM’/r
OTHOCHTEJILHO MpefbIAyLIEH.

pencTaBienbl Ha puc. 2. KOHUEHTPALHOHHOH 3aBH-
CHMOCTBIO S, KaK ¥ [ist D, npeHeGperai.

XapaKTepUCTHYECKYIO BA3KOCTH [T|] onpeaesiu
3KCTPANONSHEH BETHIMH TNyy/c 1 InM,/c K HyNEBOH
KOHIeHTpaLHy (puc. 3). I3 Hak/IOHA EPBBIX 3aBHUCH-
MOCTEH paCCUMTBIBAIIH 3HAUECHHS TapaMeTpa XaruH-
ca k', cpefiHee 3Ha4Y€HHE KOTOPOro paBHO 1.6 £0.8.

dakTOop IIaBYYECTH H3MEPSIN HAa aBTOMATH4CC-
koM nercuromerpe DMAO2C (A. Paar, Austria) Tuna
Kpatku [32]. ®akTop miaBy4ecT# 1 — vpg s J1ak-
TOleHAPUMEPOB ONMPENIEJISIIA B YHCTOH BOAE U B pac-

~

CHapOAUHAMHYECKHE H MOJIEKYJIAPHbIC XapaKTEPHCTUKH nakToneHapumepos B 0.165%

[TABIOB u np.

teopax NaCl. M3 3Ha4YeHUH | — vp, paccUUTLIBAIH
BEJTMUMHbBI Y/1€JBHOrO MapUHaNLHOro obbema v, Ko-
TOpbIC IPAKTHYCCKH COBNANAIOT /LTS ICHAPUMEPOB B
yucToit u noacosneHHo Boae. [lonyuenunie rugpo-
[MHAMUYECKHE XaPAKTEPHCTHKH TMPCIACTABICHLI B
TabMULE.

PE3YJIBTATBEI M UX OBCYXIEHHUE
Monexyaapraa macca

MM nakTOAEHIPHMEPOB PaCCUUTHIBAIN U3 3Ha-
Yenuit K03 PHUMEHTOB MIOCTYNATENBHOR U Py3nH
D U celuMEHTaLMK S, a TakXKe (akTopa MaBy4ecTH
(1 — vp,) mo ¢opmyie Ceexbepra [24, 25] Mg, =
= [RT/(1 = vpo)] X (S/D).

JTH 3HAYEHHs MPEACTaBlEHbl B Tabiuue Hapsaay
co 3HauYeHUsIMH M., , PACCUHTAHHBIMH HUCXOAS H3
cTpykTypHOit hopmyibl (puc. 1). 3HayUMble pa3JiH-
ypus MexXny Msp' My, HAOIIONAIOTCS JUIA IEHAPH-
MepOB BbICIIHX reHepayui. 9To MOXET ObITh CBSA3a-
HO, HalpPUMeEp, C aCCOUMALHMCH HCXOIHBIX MOJHIPO-
MIe HHMHHOBBIX IEHAPHMEPOB, YTO MMONTBEPKIAIOT
[laHHbIE, MIOJIyYEHHbIE PH UCCIEI0BAHHH HCXOHOTO
IO AB-32 (Tabnuua), a TAKXe ¢ BO3MOXHOH accoUHa-
Lel JeHAPUMEPOB Ha CTAIHM HX MOTH(UKALUH. Ot-
HoweHUst Msp/M o = 1.4 1UT ABYX MOCJIEHUX [EHE-
pauui.

310 MOXKET OBITh TaKKe OODBACHEHO HATUUMEM
OTOJIHATENbHBIX JIAKTO3HBIX €[IHHHUL, [PUCOCIH-
HEHHBIX K MCXOJHBIM ICHIPUMEDPAM BCIIECTBHE BTO-
pHYHBIX peakuuil. B TakoM ciy4ae 4HCIO JIAKTO3-
HBIX CPYIII, PUCOEMMHEHHBIX K JCHApHMEpaM pas-
HbIX FEHEPALHH, pPACCYUTAHO MCXOAs U3 Mep, Mpeor
ucxonubix [JAB-gena-(NH,), u MM 51aKTO3HOrO
chparMeHTa co creicepom (CysHp50,,S; M = 413.42)

NaCl npu 25°C

tonepreliy D0 ] Sion |t g x 107t 107 B 0| SO
L 32 | 177 | 040 | 0709 1.97 13.8 99 | 2.09 38
2 39 | 146 | 075 - 407 167 | 139 | 243 8.5
3 49 | 122 | 12 - 8.29 199 | 184 | 273 | 153
4 5.6 85 | 26 | 0686 | 240 16.71 287 | 217 281 | 496
5 70 68 | 42 0669 | 462 33.56 359 | 372 301 | 952

4 50 | 107 | 047 0.862 3.51 25 | 186 | 240 -

+ Moxonmetii gesuprep IAB-32 uccneonatt 8 0.926% NaCl; 1o = 0.9055 cT, po = 1.0036 r/ew.
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[TOCTYIATENLHOE U BPAILATENLHOE TPEHWUE MOJIEKYJI

(Tabnuua). He MoxeT ObITh TAKXKe NOJHOCTLIO UC-
KJIFOUYCHA BO3MOXHOCTL ‘>KECTKOro” CBsA3biBaHHUS
YaCTH MOJICKYJ PAaCTBOPHTENS MONEKY1aMH ACHAPH-
Mepa, nojobHO TOMY Kak 3TO 00CyXK/janoch paHee
IS TMHERHBIX OJUIIEKTPONUTOB [33].

['uopodunamuyeckue paduycobt IK8UBANCHNHbLY
chep u ckelinuHz208bLe COONMHOUEHUR

Ha ocnose 3Hauenuit koapduuuenra guddysuu
MOTYT ObITh PACCYMTAHbI BETHUUHBI PAJIHyCca THIPO-
NIMHAMHUYECKH 3KBHMBAJIEHTHOH cgepbl COrjlacHo
Crokcy f = 6mnRy;. [Ipu 3TOM Tpyluascs Monekyna
MOJIENIUPYETCsl KECTKON OJHOPOMHON HENMpOHULae-
MOH 111 pacTBOPHUTENS cpepoil.

Ouenka paguyca THEPOAMHAMUYECKH IKBHBA-
JIEHTHOW cepbl MOXET ObITh MPOBEfEHA TaKXkKe C
HCMOIb30BAHUEM BHCKO3HMMETPHYECKUX JaHHBIX IO
opMmyne DiiHuITeHHA

[N] = 25N, (V/M) = (10/3)TN,(R,/M).

3HayeHus Ry u R, npencrapnens! B Tabnuue. B uc-
CJIEIOBAHHOM HHTEpBaJIe 3HaYCHUN R CBSI3b MEXNY Be-
JTHYMHAMH Ry # R, MOXET ObITh anpOKCHMHPOBaHA
SMIIUPHYECKHM COOTHOLIEHHEM R, = 1.219R,; - 6.9, nu-
60 creneHHO# pyHKIHMEH Ry = 2.37 Rg'”.

Ecnu 661 MOIEKyTBI IEHIPHMEPOB MPENCTABIISUIH
coboi xecTkue chepUYecKHe YaCTHUbI, IIOTHOCTD
P KOTOPbIX MOXKHO OLIEHHTH IO 3HAYEHHUIO YAEJIbHO-
ro napuManbHOro o6bema v (p = v!), To st Hux cie-
ROBaJIO Obl OXH/IaTh MEHbILIEE 3HAYEHHE XapaKTEPHC-
THYECKHX BsizKocTel [N], =2.5v = 1.8-1.7 cM¥/r, npak-
THYEeCKH He 3aBucalmee ot MM. Conocrasnss
3KCMEepPUMEHTA/IbHbIE 3HAYEHHUS [T)] ¢ MpUBENECHHOMH
BbILLE OUEHKOM [1],, MOXHO paccYuTaTh OO bEMHYIO
nomto (M],/(M]sken) ACHAPUMEPHOrO BELIECTBA B MO-
mendpyoueid cepe. ITa OLEHKA AT BEJIUYHHDI
nopsaka 25-30% ansi feHAPHUMEPOB BBICILHMX [eHepa-
LMK, YTO B HECKOJILKO pa3 MPEBOCXOMIUT aHAJIOTHYHbIE
OUEHKH ISl IMHEHHBIX MAKPOMOJIEKYJT M CBUIETENBCT-
BYET O OOibllIEeH UIOTHOCTH BELLECTBA B 0O'bEME, 3a-
HHUMaeMOM HCTHHHO JEHJPHUMEPHOU MOJIEKYJIOH.

[1pu 06CyXneHHH MONYyYEHHBbIX pe3yJIbTaTOB He-
06XOAMMO BBICKa3aTh CIEAYIOIHE COOOpaXKEHHs 110
MOBO/ly OCOOEHHOCTEH CTPOEHHUS H3yYaeMbIX JIAKTO-
ACHAPUMEPOB. Bo-nepBbIX, pacCTOSIHUE MEXAY: BY-
M5l IOCJ/IEJOBATE/IbHBIMU TOYKAMH BETBJICHHS B Lie-
JIIX MCXONHBIX JEHAPHMEPOB MOJIMMPONUIEHUMHHA
[IOCTAaTOYHO MaJyio M coctaBisieT AL = 5 X 107% cm.
B KayecTBe HHXXHEro Impefiesia OUEHKH XECTKOCTH
JMHEHHBIX HE3apSXKEHHBIX LEMed aHaJoroB MOJIH-
NPOMUICHAMHUHA MOXKET ObITb B3STa XXECTKOCTh aJlH-
(hatuyeckux uenei 6e3 06’bEMHbIX 3aMecTHTeNE. 15t
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Takux tenei JiMHa cermenta Kyna A = 20 x 107 oM
[25]. DTO O3HAYAET, UTO AaXe /I NATOH rcHepauuu
JAEHAPONOUIPONUIEHHMHHA JIHHA OCHOBHOM LCMH
O[HOrO IEH/IPOHA COMOCTABUMA C [UIMHON CerMeHTa
Kyna (L =25 x 107® cm). [ToaToMy pe3ynbTaTbl TeO-
pPETHYECKUX H KOMIBIOTEPHBIX PAaCyeTOB, MOJIyYEH-
Hble [ TeHIPUMEPOB C KJIyOKONogoOHbIMHU dpar-
MEHTaMH MeX/y 1BYMSl [I0CJEN0BaTEIbHBIMU TOUKA-
MU BETBJIEHHS, HEMPUMEHHUMbI /11 HCCIIE/IOBAHHBIX B
NaHHO# paboTe HeHAPUMEPOB. ManoBeposATHO, 4TO
KOHLBI TAKUX KOPOTKHUX LIENEH OKaXyTcs pacnpeje-
JIEHHBLIMH [10 BCEMY 00 beMY NEHAPUMEPHON MOJIEKY-
nbl. Bo-BTOpBIX, UENH MOJUIPONUIEHUMHHA HECYT
Ha ce6e MOJIOXUTENBHBIN 3aps], MO3TOMY CYLLECTBY-
IOT JOMNOJIHUTENbHbIE 3IEKTPOCTATHYECKUE B3AUMO-
gedcTBUSL. DJIEKTPOCTAaTHYECKOE OJU3KONEHCTBHE
NPUBOAHUT K AOMNOJHUTENLHOMY YBETHUYEHHIO PABHO-
BecHOI xecTKocTH [34]. TeM caMbIM LENH CTAHOBAT-
Csl OTHOCHTEJILHO KOpoue (Bequ4yuHa L/A MeHblie).
YyuTbIiBasi CKa3aHHOE, MOXHO MoJiaraTh, YTO JaK-
TO3Hble (hparMEHTbl HaXOASTCS BO BHELIHEM CJIOE
JIAaKTOIEHIPHMEPA, a HE paclpefie/IEHbI IO BCEMY €ro
o6beMy. CiteflyeT OTMETHTB TakKe, 4To 80% Macchl
JIAKTOJIEHAPUMEPOB COCPENIOTOYEHA HAa KOHLAX [EH-
OPUMEPHbIX MOJIEKYJI.

Ecnu u3yyeHHble reHepalHy JIAKTOCHIPUMEPOB
[PEACTaBISIIH Obl TOMONIOIMYECKHUA PSAJl KECTKHX
HEMPOHHULAEMBbIX OJHOPOAHBIX cdep, Torma (ro-
CKOJIbKY B 3TOM ciiyyae MM npsmo mponopuuo-
HajbHa 06beMy cepbl V, M ~ V) ] ~ V/IM ~ M° u
(] =e 3aBucena 61 oT MM. DTOro, OIHAKO, B HalIEM
city4ae He HabmofaaeTcs. ECIH NpeinonoXuTh, YTO BCS
Macca coCpeloTO4eHa BO BHELIHEM cjioe, TO M ~ R?, a
V ~ R3, u Torga st HempoHULaeMou cepHuecKo
o6onouku (1] ~ V/IM ~ R ~ M'2, TToctpoeHue, npep-
CTaBJIEHHOE Ha pHUC. 4a, MPUBOAUT K CIEAYIOLLEMY
CKEHJIMHTOBOMY COOTHOLIEHHIO:

0.235 £0.021

[n] = 0.554xM (r =0.9885)

Ha puc. 4a BACKO3UMETPUYECKHE JaHHBIE PHBE-
JEHbI TAKXe B 3aBUCHMOCTHU OT M,;,,,,,. BumHo, 4o xa-
pakTep 3aBUCHMOCTH MPAKTHYECKH HE MEHAETCH, a
CKEUJIHHIOBBIA HMHAEKC BO3pacTaeT [0 3HAYEHHH
by =0.272 £ 0.011 (r = 0.9977). IlonyueHHsbl# CKeH-
JIHHTOBbIA MHIEKC NPUHHUMAET IPOMEXYTOYHOE 3Ha-
yenue 0 < by < 0.5. ITOT pe3ynbTaT TakxkKe COrnacy-
ercs ¢ Teopueit 3umma u Kunba [35], B koTOpoii ObI-
Jla BbIYMCJEHA XapaKTEpUCTHYECKasl BSA3KOCTb [JIs
MOJIENIbHBIX Pa3BETBIIEHHBIX Leneil. B yacTHocTy, Ha
OCHOBE pe3y/IbTaTOB yKa3aHHOH TEOPHHU MPH BECbMa
CHJILHOM pPa3BETBJIIEHHOCTH, KOI[a CpefHEee 4YMCIIO
1998
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1.0 o/
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3.5 45 lIgM
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Puc. 4. 3apucumoctd oT MM nakToAeHAPUMEDPOB
XapaKTePHCTHYECKOM BA3KOCTH (/ — Mgp, 2 —Mipeor)

- (2) ¥ K03(p(PHLHEHTOB NOCTYNATEILHOM nucpdysuu
(1) u cepumentauu (2) (6).

BETBJICHUU nponopunonanbﬂo M, MOXHO MOKa3arThb,

yto [N], = Kan“ 0 , rae by - CKEHIMHIOBBIH BUC-
KO3HMETPHYECKHI HHIEKC JUIsl TMHEHHOTO rOMOJIO-
ra. U ecnu st JIMHEHHOrO aHanora B HA€aJIbHOM
pactBopuTene b, = 0.5, TO 1St pa3BETBJIIEHHOrO IO~
numepa b, = 0.25.

Hepasuo Mansfield u Klushin [36] meTooM Mos-
Te-Kapiio npoBeu OLEeHKY BEH4uH [N] 1 AEHAPH-
MEpPOB Ha OCHOBE MOJIEIH Lescanec—Muthukumar
[15]. B atoit paboTe aBTOpPbI pacCYUTHIBAIOT BEPX-
HIOIO OLEHKY [T)], HCXOfsl U3 pE3ynbTaTOB Zimm'a
[37], mony4eHHbIX 6€3 MPENBAPUTENLHOTO YCPEHC-
HUSL CTHAPOJMHAMHUYECKOrO TEH30pa O3zeena. Takxe
6bL1a 06CYXKACHA HIDKHSS OLCHKA [n], nony4yeHHas ¢
KCIIOJIb30BAHHEM MPOLIEAYPhI PEABAPUTEIBLHOIO yC-
pelHEHHs TEH30pa CHAPOAHHAMHYECKOro B3aHUMO-
neiicrBust no Fixman [38]. MoXHO OXHAaTh, “TO

MEXJY 3TUMH ABYM: npepeaMu HAXoasATCsd UCTHH-

uple 3HaueHus [1]. [lony4yeHHnble HaMH BUCKO3UMET-
pUYECKHE - JAHHbIE KAyeCTBEHHO KOpPEIHpYIOT C
pepxHeit oneHkoi [1)]. OpnHako NpsiMOe COIOCTaBIIE-
HHE JKCIEPHMEHTANbHbIX PE3yJbTaToB C Teopuei
HEBO3MOXHO, MOCKOJBKY MPOCTbIe MOJEIIH AEHPH-
MEPOB HE YYMTHIBAIOT XUMHYECKOH reTEpOreHHOCTH
W3yYEHHbIX HAMU FMOPUAHBIX ICHAPUMEDOB.

BLICOKOMOJEKYJISIPHBIE COEAMHEHMWA

[TABJIOB u np.

[laHHbIE M0 MOCTYNATETLHOMY TPEHHUIO TAKKE XO-
pOLLO OMHKCHIBAIOTCH CKCHUJIMHTOBLIMHU COOTHOLLICHH-

simu (puc. 40)

—-(0.305£0.013)

(D] = 5.51x107'M . (r=0.9972)

0.692+0.015

[S] = 6.80x10"'M (r = 0.9993)
OfHAKO COOTHOLICHHS MEXy CKEHIUHMOBbIMH
MHIEKCAMH, ONHCBIBAIOLIUMU BpALATEILHOE H M10-
cTynatenbHOE TPEHHS, KOTOPbIE MOy ICHbI ANs K-
HeHHbIX MOJMMEPrOMOJIOrOB, B JJAHHOM Cilydae He
BBIMOJIHAIOTCS. DTO OGCTOATENBCTBO TPeOYeT BhIsAC-
HEHHsl U TIPEX/E BCETO HCCIIEOBAHHUS PSOB ACHAPH-
MEpOB B Pa3/M4HbIX PACTBOPUTEISX. [To nawemy
MHEHHIO, TAKXKE OCTAeTCs OTKPLITBIM BONPOC O ro-
MOJIOTMYHOCTH psiia MPH COMOCTABJIEHHH pE3yibTa-
TOB HMCCNEJOBaHHS TEHIPHUMEPOB pa3jM4HBIX CEHE-

paLMi.

TudpoduHamuecKuii UHeapuarm

[Ipu nmepexofie OT FeHEPaLMU K [CHEpALHH BO3-
MOKHO TaKXe H3MEHEHHE TCHAPOAUHAMHUECKOro
B3aMMOJeiicTBUsl B 0o0beMe, 3aHUMaeMOM J[ICHIDH-
MEpHOM MOJIEKYJIOH, HHBIMH CIIOBaMH, BO3MOKHO H3-
MeHEHHEe CTelNEHH HX MPOTEKAEMOCTH. B paHHOM
cllyyae 3T, MO-BHAUMOMY, OTPAXaeTCs Ha BETUYHHE
FHAPOJMHAMUYECKOrO HHBapHAHTA Ao =kB (B —unBa-
pHaHT d)nopu—MaHneanepHa) [39]. Benuuuna A,
MOXET ObITh pacCUUTaHa M3 IKCMEPUMEHTATBHBIX
sgaueHuit [1], D 1 S HCKITFOUEHHEM H3 PACCMOTPCHUA
pa3MepoB TPYLUKXCS MOJIEKYI. Pa3mepb! NpUHHMA-
FOTCS] MIIEHTHYHBIMH B SIBJIEHUSIX MIOCTYNATEIbHOTO H
BpalLaTEeIbHOrO TPEHHS

A, = (RIDIISIMD”,

rae [D] = Do/ T; [S] = Sno/(1 — vpy); R — ynusepcaiib-
Has ra3oBasl MOCTOSHHAsl. Benuuuubl Ay NPUBEACHDI
B Tabnuue. HabnonaeTcas MOHOTOHHOE YBEJIHICHHUE
A, C pOCTOM reHEpalHH. 1151 BBICIIMX FeHepauui Ay
6u3Ka BEJUYHHE, KOTOpas MOXET ObITh MONyueHa
M3 TUPOJUHAMHYECKHX ko3 uuentos Crokca U
JjtuuITeiiHa IS HENPOHMLAEMBIX cdep Aoep =
=2.914 x10-'° 3pr mos'"/rpan)

Ag=kP; ®y; Py = 6T;
@, = 2.5NA(41/3)x 1007 = TN,/30

(MHOXKHTEJb (100)"' BBe/iEH, NOCKONBKY B Ka4ecTBe
pa3MepHOCTH BEJHUHHBI [n] ucnonp3yoT 100 cM3/r).

[Ins NUHEHHbIX UEMHBIX MOJICKYJ nabntogaeTcs
MPaKkTHYECKOE MOCTOSHCTBO A, B obnactu L/A > 10
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[39]. MoHoTOHHOE U3MEHEHUE Ay ObLIO MONYyYEHO B
teopun Debye—Bueche [40] nns onucanust nocryna-
TEJILHOTO M BPALLATENLHOIO IBHXKEHHS OTHOPOIHOH
npotekaeMoi cdepsl. [Ipu aToM Bo3pacraet A, ¢ U3-
MeHeHueM K03 HUIMEHTa IKPaHUPOBaHHUS B 0611aCTH
MaJibIX 3Ha4YeHHH 3TOro KoagpuumeHta. B Teopuu,
ONHKCHIBAIOUIEH  THAPOJHHAMHYECKOE  MOBEJECHHE
CIUIOLUHOTO LMIHHApPa 6€3 00'beMHbIX B3aUMOAENCT-
BHIl MEXly YacTIMHU UWIHHAPA (0-ycnoBus) [41], Ha-
onrofaeTcs yobiBaHue A, C yMeHbllleHHeM L/A B 00-
nacta L/A < 1. Takoe u3MeHeHUe A, MOXET O3Ha-
4yaTh, 4TO 06a K03 duuuenta @, u P, (M4 ONUH U3
HHX) HE IIOCTOSIHHbI B Ppsly paccMaTpHBaeMbIX
cTpykTyp. Eciu npuaepxuBaThcst GyHIaMEHTaIbHO-
ro NpYHIHIIA 3KBUBAJIEHTHOCTH Pa3MEpPOB IPH MOCTY-
MaTeJbHOM U BpAIllaTEIIbHOM JBIDKEHUSX MOJIEKYJI, TO
3TO 03HayaeT, 4To Py < N, /30 u(unm) P, > 61

Astopsl 6narogapsit JI.LA. KnymnHa 3a noses-
HYIO JHCKYCCHIO.
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Translational and Rotational Friction
of Lactodendrimer Molecules in Solution

G. M. Pavlov*, E. V. Korneeva*¥, S. A. Nepogod’ev***,
K. Jumel**** and S. E. Harding***¥*
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***School of Chemistry, Uni\-fersity of Birmingham,
Edgbaston, Birmingham B15 2TT, United Kingdom

****National Centre for Macromolecular Hydradynamics, Nottingham University,
Sutton Bonington Campus, LE12 SRD, United Kingdom

Abstract—The samples of five hybrid dendrimer (lactopolypropylene imine) generations were studied by the
methods of molecular hydrodynamics, including the sedimentation velocity, translational diffusion, and intrin-
sic viscosity measurements in 0.165% aqueous NaCl solutions. The molecular masses (1.9 < Mgp % 1073 < 46.5)
and the corresponding hydrodynamic dimensions of the dendrimer molecules were determined, and the scaling
relationships between the hydrodynamic characteristics and molecular masses were established. The results are
interpreted taking into account that 80% of the lactodendrimer mass is concentrated at the ends of the dendrimer
molecules.
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