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Abstract-The samples of fir'e hybrid dendrimer (lactopolypropylene imine) generations were studied by the
methods of molecular hydrod-vnamics, including the sedimentation velocity. translationa] diffusion, and intrin-
sic viscosity measurement s in 0.l65Vo aqueous NaCl solutions. The molecular masses (1.9 < M sDx 10-3 < 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 80Vo 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 t1-4l.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 [-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 |,4-61.

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-

tThis work was partly supported by the Russian Foundation tbr
Basic Research, project no. 96-03-338J7a.

logically active molecules, primarily between sugar
ligands and protein receptors. For example. it is sug-
gested that several sugar fragments attached to the
extemal 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 oli-eomeric sugars for the
synthesis of neoglucoconjugates to replace the carriers
based on proteins and synthetic polymers [7].

Problems encountered in the srudy 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. KuhnandH. Kuhn [9]. andTsvetkov [10].
For example, a relationship between the radius of iner-
tia of a uniformly branched coil ;urd 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 [0]. 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 [1 1].
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A nerv step in the synthesis and study of regularly
branched polymers-now called dendrimers-began in
the 1980s, in particular, from the works of Tomalia er
al. lI2, l3l 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 [4] based on
evaluation of the fiee energy of dendrimers as deter-
mined by two main f'actors: 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 [5-17] and the calculations per-
fbrmed 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

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 U2, 2l-231, 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. l2l), where the
intrinsic viscosity, translational diffusion coefficients.
and size-exclusion GPC characteristics of the terr-buty-
loxycarbonyl-poly(u,e-l-lysine) were measured in the
range 0.5 | < M x l0-3 <233.6. To our knor.vledge, 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 124-261.

EXPERIMENTAL

Hybrid lactodendrimers were prepared using
poly(piopylene irnine) denddmers of the type
DAB-dend(NH2). obtained by diverging synthesis as
described in [27 , 28]. The core of the initial
DAB-dend(NH1), dendrimers represents diaminobu-
tane. Subsequent generations were synthesized by a
repeated sequence ofthe reactions ofacrylonitrile addi-
tion to primary amines followed by hydro-eenation of
the nitrile terminal groups. The attachment of D-lactose
to the primary amino groups of DAB-dend(NH1), was
ensured by forming an amide bond with the aid of
D-lactose N-hydroxysuccinimide [29-311. The side
reactions were avoided by usin-q 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 (M6.or) 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 rvith time. All hydro-
dynamic measurements were performed in 0.1657a
NaCl. The solvent characteristics were as follows
(25"C): density Po = 0.9982 g/cm-': dynamic viscosity

Io = 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 ivith time. The bound-
ary smearing \vas 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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j )
"j^.

variation of the diffusion boundary dispersion (Fig. l)
using the formula

o '2  =  o ' j  +ZDt .

The solution-solvent boundary was obtained using
the layers of solutions with concentrations of the order
of 0.3 x 10-2 g/cm3. The Debye criterion of dilute solu-
tion is c[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 41 660 and
40000 rpm, respectively. The experiments were con-
ducted in the cell with artificial boundary formation.
Figure 2 shows typical plots of Aln-r versirs Ar whose
slopes were used to calculate the sedimentation coeffi-
cients ,l = (Aln-r/Ar)co-2. The concentration dependence
of S, as well as that of D, was ignored.

The intrinsic viscosities were determined by extrap-
olating the quantities q.o/c and ln4,/c to zero concen-
tration (Fig. 3). The aveiage value of the Huggins con-
stant, determined from the slope of the first plot, was
k ' = 1 . 6 * 0 . 8 .

The buoyancy factor I - rpo 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
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Fig, 1. The plots of diffusion boundary dispersion vs.
dillusion time for five lactodendrimer generations (1-5,
respectively ) in 0. | 65 Vo NaCl. For convenience, every
piot is shifled relative to the preceding one by 2 mm2
alon_e the dispersion axis.

partial volume izcalculated from the I - rpo values was
virtually the same in both pure and salinated water. The
experimental hydrodynamic characteristics of lacto-
dendrimers are summarized in the table.

RESIILTS AND DISCUSSION

Molecular Masses

The molecular masses of lactodendrimers were cal-
culated from the values of translational diffr:sion coef-
ficient D, sedimentation coefficient.l. and the buovancv
factor I - vpo using the Svedberg formula Mr, I
t R T ( 1 - v p o ) l x ( S / D ) .

These experimental data are listed in the table in
comparison with the theoretical values M,n"o. calculated

FRICTION OF LACTODENDRIMER MOLECULES I  285

(Alnr) x 102

50 100 150

Ar, min

Fig. 2. The plots of sedimentarion boundary displace-
ment vs. sedimentation time for five lactodendrimer
generations (-1-5, respectively). For convenience,
every plot is shifted relative to the precedin_e 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
Msp and M6"o. a.re 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 rheir possible associ-
ation in the stage of modification. For the two highest
generations studied, the molecular mms ratio is
Mgpl Mnror= 1.4.

Another possible explanation is related ro 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 Mso, Mth.,, of the initial
DAB-dend(NHJ,, and the molecular mass &1 = 413.42
of a lactose fragment with the spacer C,5H.-5O,,S (see
table). Nor is the possibility of "rigid" binding of some
part of the solvent molecules to dendrimer molecules

I
- l
) l

I
I

l-

( j )

3
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Fig. 3. The plots of q.o/c (upper curves) and lnq,/c
(lower curves) vs. concentration diffusion time for
five lactodendrimer solutions (1--i. respectively). For
convenience. every plot is shilted relative to the pre-
ceding one b1 2 cmr/-e along the abscissa axis.

fully excluded by analogy to whar was observed in lin-
ear polyelectrolvtes [33].

Hydrodynamic Radii of Equivalent Spheres
and S cal in g Re lations hip s

Once the values of the diffusion coefficients are
determined, we may calculate the radius of a hydrody-
namically equivalent sphere usin_e the Stokes relation
J = 6n\3a. The molecule in friction is modeled by a
hard homogeneous sphere impermeable forthe solvent.

PAYLOY et al.

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

hl = 2.5^r ^(v/  M) = (10/3)nN ^G;/  M).

The Rs and Rn values are given in the table. In the
interval of the hydrodynamic radii RH studied, a rela-
tionship between Rs and Rn can be approximated by an
empirical formula Rn = l.219Ru - 6.9 or by a power

function Rs = 237 Rf," .

If the dendrimer molecules were hard soherical oar-
ticles with the density p related ro the spicific puhlot
volume rt (p = v-';, they would have a lower expected
intrinsic viscosity ([n]" = 2.5v = 1.8-1.7 cmr/,e; r'irnr-
ally independent of the molecular mass. B1' comparing
the experimental values of [n] to the above estrmate
[n]", we may esrimate rhe volume fracrion l[n],,/[n].,0)
of the dendrimer substance in the model sphere. This
estimation procedure gives values of the order of 25-
30Vc for dendrimers of the higher generations. rvhich
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 follorving gen-
eral considerations concerning some strucrural fearures
of the lactodendrimers stu?ied. First, a distance
between two neighboring branching points in the
chains of the initial dendrimers is sufficiently small
(M = 5 x 10-8 cm). As a lower boundary for esrimates
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 substiruents. The
Kuhn segment length for such a chain is .{ = 20 x
10-8 cm [25]. This implies that even the fifth .senerarion
of a poly(propylene lmine) dendrimer has the chain

Hydrodynamic and molecular characteristics of lactodendrimers in 0. 1657o NaCl at 25'C

Generation
number

in l ,
cml/g

D x l 0 7
cm2/s S. Sv v, cm3lg 145, x 10-3M,6.o, x l0-' R"  x  108,

cm
R,.., x 108,

cm
An x lO-to.  I" l n

c m l

I

.,

J

+

5

. 4 *

J . Z

3.9

-1.9

5 .6

7.0

5 .0

r7 . l

r4.6

12.2

8 .5

6.8

10.7

0.40

4.75

t .2

2.6

l " t

0.17

0.709

0.686

0.669

0.862

1 . 9

+ - J

8.0

24.0

46.2

8 . 1

t .97

4.07

8.29

t6.7 |

33.56

3.5  r

1  3 . 8

16.1

t9.9

28.7

35.9

/./..)

9 .9

13 .9

18 .4

27.1

3  t  - z

1 8 . 6

2.09

1 47 .

z . t J

2 .8 r

J , r . ,  I

2.40

3 . 8

8 .5

1 5 . 3

49.6

95.2

* Initial dendrimer DAB-32 measured in 0.926% NaCl; ns = 0.9055 cP; po - L0036 g/cmr

POLYMER SCIENCE Series A Vol. 40 No.  l l 1 998



TRANSLATIONAL AND ROTATIONAL FRICTION OF LACTODENDRIMER MOLECULES t287

length of a single dendron comparable with the Kuhn
segment length (L = 25 x 10-8 cm). Therefore, the
results of the theoretical calculations and computer
simulations obtained for dendrimers with coil-like
tiagments between the neighboring branching points
are-inapplicable to the dendrimers studied in this work'
It is haidly 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-
ins oositive charees and, hence' must feature additional
elJcirostatic inteiactions. The short-range electrostatic
contacts lead to an additional increase in the equilib-
rium rigidity i34l.Thus, the chains become relatively
shorter (the LIA ratio decreases). Taking into account
the above t'actors. we may suggest that the lactose frag-
ments are concentrared in an outer layer of the lacto-
dendrimer rather than distributed over the whole den-
drimer volume. It should be also noted that about 807o
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 ri-eid nondraining
homogeneous spheres, then (taking into account that
the m--olecular mass is directl.v proportional to the
sohere volume: M - W we mi-sht conclude that [n] -

itU * M{r andthe viscosity [ri] 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 - Rr and V - R3, rvtti9lt yields
for the nondraining spherical shell [n] - VIM - R -

MtD. The method of data plotting presented in Fig. 4a
leads to the following scaling relationship:

[n ]  =  0 .554 x  M023st002t  ( r  =  0 .9885) .

The viscometric data in Fig. 4a are also plotted
against Mrh"or. As is seen, the character of the relation-

ship remains virtually the same. although the scalilg
index increases to b, = 0.272 t 0.011 (r = 0'9977)'

Thus. the scaling index acquires an intermediate value
0 < b. < 0.5. Thi; result agrees "vith the theory of Zimm

ana filU [35] developed for the calculation of intrinsic
viscosities o1 model branched chains. In particular,
according to this theory, the strongly branched chains
(with thJ number of branchin-s points proportional to

Nt) arecharacterized by [n]r = KnMun-"5 ' where [11]6
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 bn = 0.25'

Recently, Mansfield and Klushin [36] have esti-
mated the [r1] value for dendrimers by the Monte Carlo
method using the Lescanec-Muthukumar model [15]'
The upper liirit for [1] was estimated proceeding from
the reiults of Zimm [37] obtained without preliminary
averaging of the Oseen hydrod-v-namic tensor' It was
also sirglested that the lower limiting estimate for [n]

POLYMER SCIENCE Series A Vol' 40 No' 12 1998
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Fig. 4. Effect of the molecular mass of lactodendri-
*Jrs on (a) the intrinsic viscosity ltbr (/) M5p and
(2) M,s,"oJ and (b) the coefficients of (1) diffusion and
(2) sedimentation.

can be obtained using a procedure of the preliminary
averaging of the hydrodynamic interactions according
to Fixman t381. It is expected that the true [r1] values
fall between thise limiti. Our viscometric data exhibit
a qualitative correlation with the upper estimate of [1]'
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):

ID] = 5.51 x l0-10M-(0305*e0r-1),  (r  = 0.9972);

[S ]  =  6 .80  x  10- r8M06e2+00r5 .  ( 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
dendrii-rer series in various solvents' In our opinion,
another open question is whether the series can be con-
sidered ai ho*ologous when comparing the results of

log [n]

1 . 0

0.5
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investigation of the dendrimers belonging to different
generations.

Hydrody namic I nvariant

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 Ao = kp (B is the Flory-Mandelkem
invariant) [39]. The value of A6 can be calculated using
the experimental values of [q], 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 o  =  ( R l D l t l s l l n l ) ' " ,

where lDl= DtlslT, [S] = Sqs/(l - vpo), and R is the
universal gas constant. The Ao values calculated in this
way are presented in the table. As is seen, Ao increases
with the number of generations: for the higher genera-
tions, the An values are close to that obtained from the
hydrodynamic coefficients of Stokes and Einstein cal-
culated using the model of hard nondraining spheres
[Ao .pr, = 2.914 x l0-r0 (erg molrr3)/K]:

Ao:kPo 'o j " ,  Po  =  6 I t ,

@o =  2 .5N o@n/3)x  100- r  =  nNr /30 ,

where the factor (i00ft is introduced because the val-
ues of [q]are expressed in the units of 100 cm3lg.

For the linear chain molecules, the Ae value is virtu-
ally constant in the region LlA > I0 [39]. At the same
time, a monotonic variation of Ao was obtained in the
Debye-Bueche theory [40] describing translational and
rotational motions of a homogeneous draining sphere.
The A0 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 (O-condi-
tions) [41], the 46 value decreases with decreasing
effective size LIA in the region LIA < 1. This behavior
of the Ao value probably implies that either @s or Ps (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 O0 < TINA/30
and/or Ps> 61t.
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MeroAavn MoneKynflpHoft rugpognHaMr{Kg r.rccJreAoBaHbl ruITL reHepaqlti ru6puAHblx AeHApHMepoB - naK-

Tonon[npom{neHr{Mr{HoB. HccleAoBaHns [poBeAexbt B BoAHbIX O.l65%o-ut rx pacrBopax NaCl. OnpegeJ1eHbl

MM a uxrepsaae 1.9 < Msox l0-i < 46.5 H coorBercrByroque rHApoAItHaMnqecKHe pa3Mepbl AeHApHMep-

HbIX MoneKyn, fionyi{eHbr cxeftrr.rHrosrre coorHotueHHr MexAy fI{ApoAt{HaMI'IqecKHMI'l xapaKTepI.IcrHKaMH

(xoeQQuqNeHT cKopocrnofi cegnueHrarlnu, roeQQ[rIHeHT rlocrynarenbHoli 4rQ$yuu fi xapaKTepllcrl4-
qecKar nn:rocru) n MM. Peryllraru o6cyxgexsr c yqeroM roro Qarra, '$o 80Vo Maccbl naKToAeHApI't-

MepoB cocpeAoTor{eHbr Ha KoHIIax AeHApI{MepHbIX MOneKyn.

BBEIEHHE

[eHgpnlrepbI - MoJIeKynbr, HMe toullle peryJIspHo
pa3BeTBJreHHyro cTpyKTypy, B KoTopbIx UAeHTLIT{HbIe
TOqKH BeTBreHHc COAepXarCg B KaXAOM nOBTOptr-
rcu{eMcfl 3BeHe, flBnqroTcs [peAMeToM I{ccJIeAoBa-
Hrlft s nocneAHne Aecrrb ner fl-4]. Cyqecrnyror

ABa ocHoBHsIx cnoco6a cHHTe3a AeHApHMepHbIx
crpyKTyp: pacxoAfl ulr{ft cr, rorqa Kaxgas nocJleAy-
pu{ac reHepaqnr noryrraercrr H3 flpeAblAyu{eft s
pe3yxbrare nocaofiuoro Hapaqr,IBaHnx [], H cxo-
grqnftcr, KorAa cHaqaJra nonyqaror pa3BerBneH-
Hbre BerBu (egnHnuHsre AeHApoHbt), a rareu npn-
rur{BarcT nx x xopy [2].

.{erqpnuepHbre BelrlecrBa, cocroqlql{e H3 AeHA-
pr{MepHbrx MoneKyJI, r'roryr uaft'rn lllfipoKoe rIpHMe-
HeHHe [-4] s cuny cnequQuKr{ rD({TpoeHI{t, KoHTpo-
nnpyeMocrbro r{x apxr.rTeKTypbr H cBt3aHbI B nepBylo
or{epeAb c 60.n rruuu t{I{cJIoM peaKr{Ho HHocnoco6su x

I Pa6ora BbrnonHeHa npu qasruqaofi QnnaHconofi noggepxxe
Poccuficroro QoHga QyHqaMeuTalr,Hbrx HccneAoeaHufi (roA
npoeKra 9643-33847a).

KOHr{eBbIx rpynn, IIHTyI'ITI'IBHO nOJIaraeMblX paBHo-

AocrynHbIMn. f lolyveHbl AeHApKMepHble crpyKry-

pbl KaK c opraHHqecKHM, TaK I ' I  C HeOpFaHHqecKHM

cKerleroM tl, ff i1.

fleHgpnuepbt paccMarpuBaror KaK yHHKaJIbHble

nony[poAyKTbl .AJI' MHO|OqI{CJIeHHbIX XI{MHqeCKHX

r*,roguQnraqnft . B o:t'loxHosrb IIpH KpenneHHs onpe-

AeJTeHHbIX BelqecTB K noBepxHocTH AeHApHMepoB
rro3BoJrteT KOHcTpyHpoBaTb yHI{MoJIeKyntpHbIe MH-

rlenJrbl, HOBbIe KaTaUIHTI,IqeCKI{e CngreMbl' AOHApHT-

ssre 6oxcrt, MerzurJIoAeHApHMepbI' B 6nolornqecKl'Ix

cncreMax Hcnonb3oBaune uoqnQnIIHpoBaHHbIx AeHA-

pr{MepoB cBc3blBator co cnequQnqHocrbK) B3aI{Mo-

geft crunft r,re>rcAY pa3r lltlHofo tuna 6non oru qecKHMH

MOneKynaMI{, H npex,qe Bcefo MexAy caxapHbIMI'I nH-

raHAaMH H nporenHoBblMlt peqefiTopaMn. llpegno-

Jraraercfl, qro HecKorbKo caxapHslx QparueHron,
npHcoeA[IHeHHbIX K BHeIUHeMy cJIOrc AeHApHMepa

cnoco6sst o6parosa'rl 6olee npoqHble u cra6nns-

Hbre KoM[JIeKCbI C [poTeHHoBblM[ peqe[TopaMH'

2056
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OA s a xo nocJreAo BaB uJue 3a 3TI{ M KoM n r, rcTep Hoc
rroAen HpoBaHrc I  I  -5-  I  7  ] ,  pac( terbt  MeloAot \ {  Mone-
xy r rpno f t  AKTTaMHKH f l 8 ,  l 9 l  H  pacqe rb r  Ha  ocHoBe
paBHoBecHoro caMocorJ lacoBaHHoro f ionrr  [20]  npn-
BOAf lT K npOTHBOnOJIOXHLIM BbIBOAaN{,  a HMeHHO:
nnoTHOCTb AeHApt{MepoB MaKc[MaJIt'Ha I I{eHTpe H
y6sroaer r  nepnQep[n;  ceo6oAnbte KoHtIbt  B AeHA-
pr.{Mepax pacnpeAeJleHbI tlo BceMy o6leuy, 3aHHMa-

eMoMy uolexyaoli, a He HaxoAtrcq Bo BHe[rHeM

cloe. Heo6xoAHMo orMeruTb, qro Bce reoperuqec-

Krre pacqeTbl npoBeAeHbl Ant cnyqatr He3aptl)KeHHbrx

foMoAeHApHMepoB c tw6xt'tuu a AocraroqHo AIHH-
HbIMH Cnefrcepavu Mex,qy tIocJIeAoBareJlbHbIMH

TOqKaMH BeTBreHHq. .(lnHa yqacTKa IIeTIH Me)K,qy

AByMfl TOqKaMH BeTBJIeHHfl TaKOBa, .{rO raXISrft
yqacroK qenn Moxer cBopaqnBarbcfl n rny6ox.
B raxnx MoJreKynax cyqecrByer KoHKypeHIIr{fl Me)K-

Ay sHTponuftuoit cxnoft H B3anMoAefictsusua wc-
KnroqeHHofo o6leua, npn STOM rlpeAnoJrafaercs
HeH3MeHHOCTb repMoAHHaMHqecKoft xecrrocrn qe-

IIH npH nepexoAe K roMoAeHApI{MepaM BblctrrHx fe-
Hepaqnft.

SxcnepuuenTaJrbHble pa6orst, I Koropbrx 6sr cu-
creMarr.rqecKn HccJIeAoBaJII{ pa3Mepbt s MM AeHA-
pHMepoB He croJlb MHotoqHcreHHsr [2, 2l-23], a
pe3yJIbTaTIrI, nolyqaeMble pa3HbIMH aBTOpaMH' 3aqa-
cryro nporHBopeqHBLI. Han6olee noJIHbIM 3Kcnepu-
NreHTa,IbHbrM LTccJIeAOBaHHeM rH,qpoAHHaMI{qeCKHX
xapaKTepr.{cTHK AeH,qpHMepoB tBnrleTcc, no-BHAH Mo-
r,.ry, pa6ora [21], rge w3uepr.l.�tr xapaKTepxcrllqecKyto
Bf,3Kocrb, xosQQnqneuTbl nocrynarensHofi qnQ-

Qyzwu r.r 3KcKJIrc3noHnyto ffIX o6pa:qoz mpem-6y-
THJroKcHKap6oHna-nonu(a, e-L-nmnHa) B HHTepBa-

n e 0 . 5 I < M x l 0 - r < 2 3 3 . 6 .

.fiaHusre tro nccJIeAoBaHI{Io rn6pngHstx AeHApH-
l{epoB npaKTnqecKH orcyrstByrcT.

B Hacroqqeft pa6ore MeroAaMH uonerylrpHoli
f HApoAHHa uurn [24-26] a:yvaau rn6pnqH st e geHg-
pr{Mepbr - JraKTonoJIHnponHJIeHHMHHbl.

9KCNEPI4MEHTAJIbHAfl t{ACTb

,[rx noryveunr ru6pnAHblx JIaKToAeHApHMepoB
HcnoJrb3oBaJIH noJIlI(npotrIlleHuuuH)qeHApHMepbI
(AAE-tenn-NHzL), nonyqeHHble MeroAoM pacxo-

Afl rrlerocs cr{ HTe3a t27, 281. CepA4en n H o ft Hcxo[ H bI x
(,[AE-teHg-(NHzL) frBrc,ercfl gnaunHo6y'ras. flo-
cJreAyrcrl{He rcHepaql,Ifi cl{HTe3HpytoTcfl npH noMo-
urn noBToprrorqefi cr [ocJIeAoBareJIbHocrK pearqn fr
[p[coeAr.IH eHufl aKpunoHHTpHna K nepBI'I q HbIM aMH-
HaM c AarsuefturnM rHApHPoBaHlIeM HL{TpHJIbHbtx
KoHrleBbrx rpynfi. flpurpennenwe D-naxro3bl K

( tcNr H r { / l r . r  Bn/ lyan bu bre caxapa.  [c  r rqpnuepbr paccNta-
TpH 8a ro'f cfl K a K npil BneKaTeJI bH t,tc noTeHr{HaI bH brc
HOCr.{TenH OnHfocaxapoB npr.{ npfir-o-roBneHHH r{eo-
rrroKoKoHr,rcraroB BMecro gocurelefr Ha ocHoBe
npOTeHHoB HnH cHHTeTHqeCKHX nonnr ' , repoe [7] .

Bo n pocsr, Bo3HH Karoul ve flpri t{3yqeHr.{H AeHApH-
MepoB, HanpflMyro cBfl3aHbt c QyH4ar.aeHTaJrbHbrr,tx
npo6reuauH, cyu{ecrByrou{HMr.{ npt,r H3yqeHuH pa3-
BerBJreHHbrx MaKpoMoneKyn. floqo6usre crpyKTV-
pbr,  KoTopbre Ha3BaJrH cHaqara perynrpHo pa3BeTB-
JIeHHbIMH rronHMepaMn, 6srlr,r paccMorpeHbr eule B
pa6orax Flory [8], W. Kuhn pr H. Kuhn [9], Uaerrosa
fl01. Tax, e pa6ore [9] 6lrna ycrauoBneHa cBq3b
Me)Kgy paAHycoM HHepqr,rH paBHoMepHo pa3BerB-
JreHHoro rry6ra H ero o6teuou, oxBarbrBarou{r.{h{
san6olee yAaneHHbre or r{eHTpa uy6xa BerBH.
B pa6ore [0] nonyveHbr aHaJrfirr.rqecKue Bbrpaxe-
HHr AJrr paAr.ryca HHepqHH B 3aBHcHMocrn or o6u{ero
rrr{cJra serseft gnr rpuQyHKrlr.roHaJrbHofo H Te'rpa-

QyHxqnoHa;rbHofo paBHoMepHbrx BerBJreHnfi. 3rn
pe3ynbrarbr B orrpegenennoft creneHrl 6uln unxrll.r-
r{poBaHbr HccneAoBaHHrMH npoqeccoB reJreo6pa:o-
BAHus5 a TapKe H3yqeHHeM rrpt{poAHbrx pa3BeTBneH-
Hbrx noJrr,rMepoB, TaKHx KaK rJII{KaH, KpaXMan, nfir-
Hr.rH, HMeroqHX npeuMyrqecTBeHHo xoporxo qe nHo li
THn pa3 BeTBIeHHOCTT.{ H gBJIr TOUIHXCq CTaTHCTH qec-

KI,{ pa3BeTBleaHslr'.rn II I].

Hossrft 3Tan B o6aacru cr{HTe3a H HccJreIIoBaHHs
pefynflpHo pa3BeTBJreHHbrx noJrHMepoB-AeHApH-
MepoB Har{aJrce e 80-x foAax, B qacrHocru c pa6or

[ 12, 13], nocBsu{eHHbrx AeHApr{MepaM nonllaMr.{Ao-
a M HHa, noJryqaeM brx pacxoArru{H N{cq Tr.{noM cHHTe3 a.

Kouqenqnr KoHcrpyr,rpoBaHnq, uoquQnraqnN u
HcrroJrb3oBaHnr raKux MoneKyJr 6a:Npyerce Ha cne-

Aytou{Hx npeArrono)KeHHcx: Bo-nepBbrx, paBHoAoc-
TynHocrb peaKrlnoHHocnoco6Hsrx KoHqeBbrx rpynn
Ha Bcex craAr.rflx pocra u uognQnraqr.{H, Bo-BTopbrx,
noJraraeTcr, qTo cepAr{eBHHa AeHApHMepa HMeeT
MeHburyrc flJrorHocrb no cpaBHeHurc c nepaQepueilr
MOJIeKyJrr,r, T.e. cBlf,eTct oTHocHTeJIbno nolofi .

flogrnepxgeHHe 3Tr{x flpeAcraBneunft 6rrlo no-
nyr{eno B aHanr.rrr{qecKnx pacqerax De Gennes n
Hervet [4], ocxonannbtx Ha oqeHKe cso6oAHoft
oHepFnH AeHApHMepoB, onpeAelseuoft AByMc oc-
HoBHbrMr{ Qamopauu: BHyrprMoJreKynspHbrM or-
TANKHBAHI{EM I{ HZUII{IINCM YIIPY|HX CHN B AOCTATOI{-

Ho AJrHHHbrx n rn6rnx cnelicepax. Pacqer cao6ogHofi
3Hepf r{H npoBoAr{n fi MeToAoM' ca Moco rJr acoBaH Horo
noJrs B BepcHH 3gaapgca.
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f leplr lrrHbtl{ aMr.r{r{r, tM fpynnaM [A6-geHq-(NHz), Hcflonb3ytt aqerarHlle 3aul i lTl lble t-pyl lnbt c nocne/ly-

AocTnranH rrocpeAcTBor.a O6pa:OoaHr.{rr aMI.{AHofr Ceq- IOu{?IN{ HcqepllblBalOU{t{M Ae3aqeTt{nflpoBaHHet'1. Hr'r-

3r.r c HcrroJlb3oBaHKeM N-rNgporcncyKr{r.rHuMnp'a D- )Ke [pHBeAeHbl crpyKTypHsle Qoprraynbt nqrn feHe-

JIaKro3bI 129-31]. flo6ovusrx pearqnft u:6enalu, parryft rIaKToAeHApl'{MepoB.

/t Ho ..oH H

((:ffi*T'-ru

ilfr Ho. .o\ H
I  I  l l s o T - \ - r o - \ = \ - o .  o , 'N\;r;';"*"1*
\\. 3

Perylnpuocrb naKToAeH,qpEMepoB AoKa3brBaJrr{
.f,MP-cnexrpocKoflueft, a raKxe Anr nepBbrx AB]rx
reHepaqrft cpaBHenr{eM MM, onpegeJreHnbx Macc-
c[neKrpocKorueft, c pacqernbrMn 3HaqeHuflvnr (M,un)

t30 ,3 l l .
JlaxrogeHgpuMepbl xoporuo pacrBopsrorctr B qH-

crofi noge. Olniiro [pr{ HccJreAoBauulr nocrynarenb-
Hofi guQ$y:un 6rrra o6uappKeua acnMMerpnt

)

\

1
gnQQyauoHHblx KpHBbIx, Koroputf, He l{cqe3aer co

BpeMeJreM. Moxno npeAfiono)Kl{Tb, r{To 9To npocB-

JreHHe 3apcAOBbIX eQQeXton, nocKonbKy ucxoguslli

non UnpO[[JI eHI{MHH flB l/rfleTcfl IOJI I{KaTHOxOrtl.,[O-

6asreHxe B . pacrBop Hn3KoMoJlexynxpuoft coJII't

NaCl no:sonuo nonyqarb cI{MMerPHt{HbIe Bo Bpe-

r'.reHu gHQQy3I{oHHbIe KpHBbIe. Bce rugpogl4HaMH-
qecKHe HcqneAoBaHHt npoBogunu s 0.1657o NaCl.
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2 o2, uu2

( t -4)

z
r x l0-2, ruuH

Pnc. l. 3asucnuoqrr Ar.rcnepc[l{ quS$y:r{ouHoft
rpaHfir{bt or BpeMeHr{ gnQQyruu Anrr ftcra reHepa-
qnfi rarrogeHApuMepoB s O.l65Vo NaCl. Ka4gax
[pflMaq cMeu{eua BAoJrb ocl{ Ar{cnepcufi sa 2 uu. no
oruorrreHr.tro K npeAbtAyutrefi npeuoft.

XapaxrepucrnKr{ pacrBopnTenr npu 25"C cnegyro-

il{ne: nnoTHocrb p0 = 0.9982 r/cu3" gnHaMr{rrecKat

Bt3KocTb lo = 0.893 cfl.

flocrynarcnbHyro qn$Sysurc AeHApr{MepoB Hc-
c;reAoBanu KJracc[qecKr{M MeroAou o6pa:onaHnx
rpaHl{rlbr MexAy pacTBopoM r{ pacTBopr,fTeJreM c no-
cregyrouleft Qnxcaqneri erofi rpaHnr{br Bo BpeMeHH.
Cucrerrlorl perusrparlxr{ npaHr{r{br flBns rcs flonrpn-
raqxoHHsrft nurepQepouerp [25]. KoaQQuqneH'rrr

BbICOKOMOJIEKyJIgPHbIE COEAhHEHI4fl Ceprr

20-59

150
At, uun

P uc. 2. 3aaffcfi uocrb cMeu{eHrrc ceAr{MeHTaqHoH-
rofi rpauuqsl or BpeMeHI{ ceALIMeHTar{r{x AJtfl rrrru
reHepaquft naKToAeHrpHMepoB. Ka-:xga{ rpsMafl
cMerr{eHa BAonb ocr,r BpeMeH ua 20 uuu tro orHorrre-
Hr.rKr K npegrrgyqefi npruofi.

nocr)marenbHoft AHoQyzuu Do paccqnrbrBanH H3

3aBHcHMocTeft gucnepculr rpaHnr{r,r or BpeMeHH
(pnc. l) no QopMyne

2Dt

llplr noAcJraHBaHI{n ncnoJrb3oBaJrn pacrBopbr

KoHrleHTpaqnfi c noprgra 0.3 x l0-2 r/cr.rl, xpnrepxft

Ae6ac pas6aueuHocrx pacrBopa c[q] < 0.02, no-
3ToMy xosQQnqueHTbl paccMarpr{B:rnn KaK 3Haqe-
HHrr, 3 KCTparroJIHpOBaHHbIe Ha HyneByrc KOHr{eHTpa-
rIHro.

Cxopocrnyn ce,qr{MeHTaql{rc n3yrranH Ha aHiuru-
THr{ecKr{x ynbrparleHTpnQyrax "Beckman Model E"
n MOM 3180. Onsrrbl [poBoAI{nH B KroBer:x c HcKyc-
crtseHnbrM o6pa:oeaHneM rpaHI{IIbI. 9asrsra Bparqe-
HHr poropa 47 ffi n 40 000 o6lwm. fpa$nxrmnucu-
Mocrr{ Alnx ot Ar, H3 HaKJIoHa Koropbrx paccqrrbrBann.,

xoeQQrqNenrsr ceAr{MeHTarluil S - (LlnxlM)a-2,

A rou 40 Jt 12 fSSS
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Pnc. 3. 3asucuMostlt'q1unlc u lntlrlc or c ,qJIt{ pac-

rBopoB naKroAex,qpur'r6|on s O-1659o NaC^l uptl

25'e. Kaxnas npru:rs cMeulega BAoJIb ocl{ Ha lcu"lr

orHocI{TeJIbHo uPegrryYuleli.

npeAcraBneHbI Ha pnc. 2. KouqeurpaquoHHoft saeu-

cr{Mostbto S, rar u gttx D, npeue6peralu'

XaparrepucrnqecKylo Bt3Kocrb [q] onpegelmn

u.rrpinon"qnefi seru'r rrr llwl c a lnt1,l c x Hylenoft

KoHIIeHTpaqnn (pnc. 3).kls HaKJIoHa nepBblx 3aal'lcu-

uosrefi paccvurttoalu 3HaqeHnq napaN{erpa X11H-

ca k', cpegHee 3HaqeHI{e Koroporo paBHo l '6 + 0'8'

Oarrop rrnaBflesru I{3MeptnH Ha aBToMarI'Iqec-
*ou getcutoMerpe DMAO2C (A. Paar, Austria) tuua

Kpa'rxu [32]. @axrop rraByr{ecrn I - r'Po AJIfl naK-

roAeHApHMepoB onpeAeJItJIH B qnsroft BoAe I{ B pac-

* hcxoAsrrft AeHApHMep AAE-32 HccrIeAoBaH s O.926VaNaCl; lo = 0.9055 cfl' ps = l '0036

TBopax NaCl .  h r  rHaqeHf i i {  I  -  vP, ,  paccL lHTb lBanH

BeJIH( lHHbl  y len l 'HOfO napqHanbHoro  o6r 'cua  rz ,  ro -

TOpbrc  npaKTHqecKu coBr laAarcT Anf l  ACHI IpHMe pOB B

qrcrofi  r .{  noAconeHnoli  aoqe. f loryveuHsle fnApo-

,UI,IHAMht{CCKHC XAPAKTCPI'{CTHKH NPCACTABNCHI'I  B

ra6 lnqe.

PE3YJIbTATbI T4 T4X OBCYXIEH14E

MonercYnnPHan .uacca

MM larroAeHApnMepoB paccqaTblBanH K3 3Ha-

qesnft xoeQQuuueHroB nocrynarersuoft nnQQyrnu

D w ceAuueHTaIIHu S, a raxx<e Qaxropa nraByqecrn

(l - vpo) no Qopuyne Caeg6epra [24' 25] M52 =

= [RT/(l - vPo)] x (S/D).

3rn :Haqesfit [pegcraB]reHbl s ra6rHIre HapqAy

CO 3HaqeHI'IflMfi M,6ro, paCCtIHTaHHbIMI{ HCXOAT H3

crpyKTypHofi Qopr'rynsr (pr'r-c. I). 3Havnr'lsle pa3nI{-

uNr r'aexgy Mso'u M,1r"orH|6ltloAalorcfl Aflt AeHApI'{-

MepoB Bblcurltx renepaquft. 3'ro uoxer 6slts csr:a-

so, nanpuruep, c accoqua4ueft ilcxoAHblx TIoJII{npo-

rrHJIeHHMI,IHoestx [eHgpl'{MepoB' tITo noATBep)KAarcT

IAHHbIE, IIOIYI{CHHbIC NPI{ NCCJIEAOBAHHH HCXOAHOTO

ilAB-3z ('ra6nnqa), a raKxe c Bo3Mo)KHoft accot-(ua-

qneft AeHApHMepoB Ha craAHI{ I'rx uognQuraqNtl' Or-

Ho[IeHHq Msel Mtn"o,- 1.4 Ans AByx [ocneAHHX feHe-

paqnft.

3ro uoxer 6str:s rarcre o6lscneno HaJIHT{I'IeM

,qonoJIHHTeJIbHbIx JIaKTO3Hbtx eAI'�THHI{' IIpHcoeAI{-

HeHHbIX K HCXOIHbIM'AeHApI{MepaM BCJIeAcTBI'�Ie BTO-

p[qHbIX pearqr'rft. B taxou cryqae qncno raKTo3-

Hr,rx rpyfln, np[coeAHHeHHbIX K AeHAPHN{epaM pa3-

r"r* a"""paqtltl, paccunTaHo HcxoAq v3 M5p' M,6,o,

r,rcxoAHblx [AE-geHA-(NHzL u MM rlaKTo3Hono

$parr'aeH'ra co cneftceporu (C,5H25O1rS; M = 413'42)

I IA I3 I lOB  r  nP

(4, s)

( /  -J )

5 l 51 0

fngpogunau[qecKge H MoJIeKynflPHbIe xapaKTepI{cTI{KI{ JIaKToAeHApI{MepoB sO'165%o NaCl upn 25'C

r/cv3.
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0.709
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4.3
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16.7 |
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3 . 5 1
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t9.9
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9.9

1 3 . 9
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(ra6nuqa).  Hc voxer '  6r,r ' r r  rarxe norr{ocrr,ro r{c-
KI I IO( lCHa BO3IVO)KHOCTb 

"XeCTKOfO"  
CBt3btBaHHt

qacTH MOncKyn pacTBopHTenq MoneKynaMH AeHApH-
Nlepa,  noAo6Ho rouy  KaK 3To o6cyxgarocb paHee

slnn r'uaeitur,tx noJrr.r3Jrerrpon uron [ 33].

I-ud p o d u u a.41. u.r e c K ue p a d uy c u t o K 6 ua o n e H m H ux
cQep u c rcertnuuzoabrc coonlHouteHutr

Ha ocHose :saseHxft ro:QQaqnenra qprQ$y:ur
Mofyr 6sns paccvnTaHbr BeJrHqr{Hr,r paAr.{yca r-HApo-
Ar.{HaMHqecKr.r 3KBHBaJresrsoli cQepsr cornacHo
Crorcyl= 6qoRn. flpr 3ToM rpyrqaqcr MoneKyra
MoAen r{pyercq xecrxori oAHopoAHoft uenpoHur-1ae-
voft qle pacrBopnTelx cQepofi.

Oqeura pa1uyca rr{ApoAr{HaMr.{qecKu oKBHBa-
resrHofi cQeprr Mo)Ker 6srrs nponeAeHa raK)Ke c
HC[OJIb3OBaHI{eM BHCKO3[MeTpHqeCKr{X AaHHbrx nO

Qopr'lyne 3liHurrefiua

l n l  =  2 . 5 N  ̂( V /  M )  =  ( t 0 / 3 ) n N  ̂ ( R 3 \ /  M ) .

3Ha.reHr.rr Rli u Rn npeAcraBneHbr B Ta6nHrIe. B nc-
c,reAoBaHHoM r.rHTepBzlne sHaqeHrlrl R csxst Mexgy Be-
nsril{HaMfi R" a Ro Mox(er 6sn.r annpoKcuMupoBaHa
oMnllpuqecKrM @oruorrreHxelr Rn = l.2l9RH-6.9, ns-

6o greneHsoft QyHxqueft Rs =237 Rf,rs .

Ecru 6sr MoneKynbr AeHApHMepoB rrpegcra Bns;ru
co6oli )KecrKHe cQepr.rvecxne qacrnrlbr, nJrorHocrb
p KOTOpbTX MO)KHO Or{eHHTb rro 3HaqeHr{ro yAenbHo-
ro fiapqfiaJllsoro o6teua rr (p = rrl), rrr gax Hr.rx c[e-
AoBaJro 6r,r o>rangars Meubrrree 3HaqeHHe xapaKTepuc-
THr{ecKHX sssxocreft [rl],= 2.5v= 1.8-1.7 cu3/r, npax-
TLrqecKH He 3aBHcsu{ee or MM. Conosraerqs
3Kcrrep[MeHTaJrbHbre 3Har{eHnff [q] c npnaeqeHHoft
Bbrrxe oqesroli [q],, uoxHo paccquTar.s o6teuHyro
goJrrc ([n]"/[r1],".n) [eHApr{MepHoro BeulesrBa B Mo-
lenupylou1eri cQepe. 3ra oqeHxa Aaer BeJruqr{Hbr
[optrAKa 25-30Vo Ans AeHApr,tMepoB BbrcrrrHx reHepa-
quft, .{'ro B HecKoJrbKo pa3 flpeBocxoAur aHaJlornqHbre
oL{eHKr{ q"nr nnueftHbrx MaKpoMoJrqKyn u cBu,qereJrbcr-
Byer o 6orsureir nnorHocrn Beu{ecrBil s o6ter*{e, :a-
HI{MaeMoM Hcrr{HHo AeHApr{Mepnoft uoleryloft .

flpn o6cyxqeH[u non) {eHHbrx pe3yn[,TaroB He-
o6xogl.n'r o B br cKa3 arb cJreAyrorrlne coo6paxe u fifl. rto
noBoAy oco6exuocreri c.rpoennr u3yqaeMbrx naKTo-
AeHApHMepon. Bo-nepBbrx, pacqrosHHe Me)KAy. ABy-
Mg nocJIeAoBaTeJIbHbIMI{ TOqKaMH BeTBneHr.rt B Ue-
ntx [cxoAHbrx AeHApr{MepoB [onfinpo[uJreHHMHHa
Aocraror{Ho MaJro I{ cocraBJlffer AI , = J x l0{ cr"r.
B raqecree HHxHero' flpeAena or{eHKr{ )KecrKocrr.t
nuuelinsrx He3aprrx(enHux qeneft aH€uloroB noJru-
nponHJreHr{MHHa Moxer 6srrs sssra xecrKosrb iuut-
Qa'ruvecrrx qenefi 6es o6ter,rn b rx 3aMecrurereft . .[rtq

206 |

TaKrlx r{ereli AJIi lHa cefr'teHTa Kyua A = 20 x [0{ cv

[2-5 1.  3ro o3t{aqaer,  ( t ro Aax(e q. l l  nr ro i  t 'u tcpaqHH

AeHApononHrrpont{neHHMKHa gf iHHa ocHoanof i  qenu

oAHoro AeHApoHa cof iocraBrMa c qrnHof t  cerMeHTa

Kyua (L = 25 x l0-8 o'l). f loarouy pe3ynbrarbr reo-
peTr{qecKHX H KOMnboTepHblx pacqeToB, nonyqeH-

Hbre Anr AeHApHMepon c rly6ronoAo6sslt"lu Qpar-
MeHTaMH MexAy AByMg nocJIeAoBareJlbHbIMH ToqKa-

MH BeTBJreHr.{rl, He[pHMeHHMbl Ang ficcneAoBaHHbrx B
gauuorl pa6ore AeHApHMepos. MaroseposrHo, qro

KOHr{br TaKHX KOpOTKHX qefleH OKa)<yTCfl pacnpeAe-

JreHHbrMH no BceMy o6leuy AeHApHMepHoft uorexy-

rl l. Bo-sropblx, qenn [onHnpo[[JIeHKMHHa Hecyr

na ce6e noJroxI{TeJIrHstft :aprg, [o3ToMy cyqemBy-

rcT AOIIOn Hr.rTeJr bHble 3neKTpocTaTH qecKr{e 83aHMo -

geilctaw. 3lerrpocrarftqecKoe 6nHrrogeficrnue

rrpr,rBoA HT K AOIIOIHI,ITeJI bHOMy yBeIHr{eHHrO pa BHO-
secHorl xecrKocrfi [34]. Teu caMblM r{err craHoBsr-
cr orHocr.rreJrbHo Kopoqe (nenxvnHa L/A ueusue).
Yqurstsaq cKa3aHHoe, MoxHo ttoJrararb, r{To JraK-
To3Hbre QparueHrsl HaxoAsrcfl Bo BHeurHeM croe
JraKToAeHApHMepa, a He pacnpeAeJleHbr IIo BceMy efo
o6rer'.ry. Cnegye'r orMerr,ITb raKxe, 'lml�o 80Vo Maccbr
JraKTOAeHApHMepoB cocpe[oToqeHa Ha KoHr{ax AeH-
ApHMepHbIX MoneKyn.

Eclu n:yveHHbre feHepal{HH JIaKToAeHApI{MepoB

fipg,qcraBnf,rN 6u foMoJlofHqecraft pflA )KecrKHX

HerrpoHHuaeMbrx oAHopoAHblx coep, TofAa (no-

cKoJrbKy B oroM crtyqae MM npxr'lo npoflopl{Ho-

HarrbHa o6'beMy cSepu V, M - trt tql - VIU - tf u

[q] ne 3aBr.r@JIa 6sr ot MM. 3T oro, oAHaKo, B HaIrreM

cryr{ae ue Ha6logaercs. Ecnn npeAnoJIo)KI{Tb, trro Bcs

Macca cocpeAoroqeHa Bo BHeIITHeM crloe, To M - R2, a

V - R3, H TofAa Anfl HenpoHnqaeuoft cQepNvecxoti

o6oroqxn t\ l - VIM - R - Mtn. f locrpoeHne, npeA-

craBJreHHoe Ha pnc. 4a, npnnognT K cJIeAyIouIeMy

cxerirHHrosot',ty cooiHo[IeHI{Io:

l r l ]  =  0 .554x  Mo '23s !o ' o2 t  ( r=0 .9885 )

Ha puc. 4a swcxognMerpuqecKne AaHHLIe [pI,IBe-

AeHbI TapKe B 3aBHCHMOCTI{ OT Mth"o,. BngHO, t{TO Xa-

paKTep 3aBHcLIMOcrI,I npaKTI{qeCKH He MeHqeTCt, a
creftlusrosrrft nHAexc Bo3pacraer Ao 3HaqeHltt
bn= O.272 + 0.01| (r = 0.9977). f lonyvesnuft cxeft-

nnHrossr ft r.rHAe Kc [pHHHMaer [poMe)KyroqHoe 3Ha -
qeHr,re 0 < bn < 0.5. 3ror pe3ynbrar raK)Ke cornacy-

ercr c'reopuefi 3ut'tt'la uKwt6a [35], s roropofi 6sl-
JIa BbIr{HCneHa xapaKTep[cTHqecKafl Bfl3Kocrb Anq
MOAenbHbrx pa3BerBJIeHusIx qenefi. B .{ac'rHosrH, Ha
ocHoBe pe3ynbraroB yKa3aHHofi teopuw npH BecbMa
cuasuoft pa3BerBJIeHHocrLt, KorAa cpeAHee qucro

I IOC" l  y t IA - l  t r , r l b I {OB h  U l ' �A l t lA  I 'EJ Ib I IO I r  
' t - l ' t r l { hE  
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Pnc. 4. 3aeflculntocrs or MM naKToAeHApI{MepoB
xapaKrepltcru'{ecxoft Ba3KocrH (1 - M so, 2 - M,t "o,)
(aj n roj+SuIIHeHroB rocrynarenbHoft gHSQy:HI'r

(/) u cegnlaeHraqur (2) (6).

setsreH[ft npouopqnoHaJlbHo M, t'loxso uoKa3arb'
b- -o.25

qro [n]r = KaM""-"'' , fAe br- crcefinuurosslft gl,tc-

Ko3I{MerpHq ecrcuft I{HAeKc [ls nnueft Horo foMono-

ra. [4 eclu Als nnHefiuoro aHanora B uAeanbHoM

pastBopHTene bn= 0'5' ro Anq pa3BerBJIeHHoro no-

nnMepa  b \=0 .25 .

HeAasHo Mansfield u Klushin [36] ruerolor'l Mou-

re-Kaplo npoBeJII{ oIIeHKy BeJIH.II'IH [q]als AeHApI't-

MepoB Ha ocHoBe MoAeJII{ lrscanec-Muthukumar

tl5l. B erofi pa6ore aBTopbI pacct{I'lrblBarcT Bepx-

"*oro oq"n*y tnl, ncxoAfl H3 pe3ynbraros Zimm'a

[37], nonyveHHblx 6e: npegnapllreJlbnoro ycpeAHe-

nr" a"xpbnnHaMl'IqecKofo reH3opa O:eena' Tapxe

6sua o6cyxgeHa HIDKHxx oIIeHKa [q]' nolyveHHafl c

r{cnoJIb3OBaHI{eM npoqeAypbl [peABapHTenbHoro yc-

peAHeHHt TeH3Opa rH,qpoAl{H_aMHqecKoro B3a[Mo-

neftcrsut uo Fixman [38]. Moxtto oxltAarb' r{To

Mexly 3THMH AByMc npeAenaMH HaxoAflTCfl IICTHH-

HbIe 3HaqeHl{fl [n]. flonyveuHule HaMI{ BHcKo3I{Mer-

pHqecKHe AaHHbIe Kat{ecTBeHHO KOppenHpyIOT c

nepxHeft oqeHxoft [q]. Onsaxo rpcMoe conocraBJle-

Hne sKcnep[MeHTanbHblx pe3ynbraroB c reopneft

HeBO3MO)KHO, nQcKOiIbKy npocrble MOAenI'�I AeHApH-

MepoB He yr{HTbIBarcT XI'IMHqecxotl rereporeHHocTl'l

K3yqeHHbIX Hauu rN6pnAHbIx AeHApI{MepoB'

, [ .asHute no nocrynarenbHoMy rpeHHrc TaKx<e xo-

DOTUO ONHCI, I  BAK)TCq CKC H' I  HH TOB LI  M H COOTI{OtxEII  H'

r vn  (puc .  46 )

I D  ]  =  5 . 5 1  x  l 0 - r 0 M - ( 0  
r 0 5 1 0 0 r 3 ) '  ( r  =  0 . 9 9 7 2 )

IS ]  =  6 .80  x  l 0 - r8M0 '6e2100 r5 '  ( r  =  0 ' 9993 )

OgHaro coornoueHnn Me)KAy crefrrlrHrosllt '{H

HH,[eKcaM[, onHcblBatou{HMH BpaqaTenbHoe H no-

cryfl[rareJlbHoe rpeHl'rt, KOTOpbIe fionyqeHbl Ans' Jrt|-

HeftHux rIoJIHMepfoMoJIoroB, B AaHHoM cJlyqae He

BbrnorHqrcrcs. 3ro o6crosr:enrcrno rpe6yer Bbltc-

He:P'us H fipexne Bcero uccJIeAOBaHlIq pqAoB AeHApH-

MepoB B pa3rnqnblx pacrBopnTeJlsx' flo Harueuy

MHeHHIO, TaKXe ocraeTcfl oTKpbITblM BOTIpOC O rO-

MOJIOTUT{HOCTI'I P'IAA TIPI{ COIIOCTABJIEHHH PE3YJIbTA-

TOB I{CCJIeAoBaHHfl AeHApI{MepoB pa3JrHt{HbIX reHe-

paguit.

fudPoduua-uu, ecrcurt uHsa7 uaHm

flpu nepexoAe or rcHepaq[H K reHepalrnu Bo3-

MOxHo TaKXe H3MeHeHHe rHApo[I'�IHaMHqecKofo

egauN,IoAeficrBnq B o6leue, 3aHI'IMaeMoM AeHApH-

r,.repHofi tuolery-noft, HHbIMH cJIoBaMI'I, Bo3MoxHo H3-

MeHeHHe creneHn HX llporeKaeMocrn' B ganHot'l

cnyqae 3TO, rIo-BI{AI'rN{oMy, oTpaxaeTc'I Ha BeJIHqHHe

."gpog"tu"l ' IqecKoro HHBapHaHTa Ao 
1F 

(p - nxna-

pru"t Olopn-MaHAerlbKepHa) I39l' BennvuHa As

Mo)Ker 6lrrs paccvl'ITaHa u3 3Kc[epHMeHTaJIbHblx

:Ha.{eHLIft [q], D n S ncrrttoqeHneM rI3 paccMorpeHnfi

pa3MepoB TpyIr{HXcs MoneKyn' Pa:ueput [pI{HnMa-

roTcg HAeHTHT{HbIMI'i B t{BneHfi-gx nocTynarenbHoro H

BpaulaTenbHOro rpeHHq

Ao =  (R tD l ' � t s l l n l ) " ' '

rte [D] = DrlslT; [S]=5116/(l - !Po); R-ynunepcars-

Haq ra3oBas nocroqHHaq. BerHquHrI As npI'IBeAeHbI

n ra6lnqe. Ha6nroqaerct MoHoroHHoe yBernqeHne

46 c pocrou reHepallxu. ,[,lx eutcurux reHepaquft Ao

6lu:ra BenHr{HHe' Koropat Moxer 6strs nolyveHa

r.r3 rI,IApoAHHaMHqecKHx xoeQ$uqneHToB C'roxca u

3finulrefrsa AJIx HerIpoHHIIaeMbIx cQep (As'o =

= 2.914 xl0-ro epr uorsr6/rPan)

Ao = kPo'tDio;

Qo  =  2 .5No(4n /3 )x

Po = 6n;

100-r = nN^/30

(uHoxurels (l00fl BBeAeH, nocKonbKy B KaqecrBe

pa3MepHocr[ BernrruHbl [q] ucnons:yror 100 o'13/r)'

p,nx nuueitHblx qe[HbIX MoneKyn na6nrogaircr

[paKTI,IqecKoe nocrolHcrao As s o6nacrll LIA > l0

r . 0

Mlg4.5

l g D , l g S
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[39 ] .  MoHoroHHoe r3MeHeHHe Ao 6s t lo  f lonyqeHo I

reopnr.{ Debye-Bueche [40] Anl onHcaHrl nosryna-
TeJIbHor-o r{ BpaqarenLHor-o ABI,IxeHKs ognopogHoit
rrporeKaeMoft c$epst. flpn arou Bo3pacraer Ao c wz-
MeHeHHeM roaQSNqNerma 3KpaHHpoBaHLUI s o6rasru
Manbx gHa.{eH}rri sroro Ko3@Hr-u{ertTa. B reopl,{H,
ormcrraarcuqefi ruLqpoAHHaMl{qecKoe noBeAeHHe
crurorrruoro qr.r.JrxH,qpa 6e: o6.rer"nmtx alamrogeticr-
srafi uexgy qasttMu I{HnHHApa (O-ycnoonr) [41], Ha-
6lroAaercs y6srsauue 46 c yueHr,rueHl{eM LIA s o6'
nacrn LIA < l. Taxoe Lr3MeHeHHe 46 uoxet o3Ha-
qarb, rrro o6a xoeSSuqHeHTa @s H P6 (nlu ogIaH n:
HHx) He nocrosHH[,I B pqAy paccMarp[BaeMblx
crpyKTyp. Ecnn npnlep)Kl{Barbcfl QyHgarraenrzurbHo-
r0 rlpruIl[Ina 3KBIIBaIeTffHOCTI{ pa3MePOB npn fiofly-
[aTeJrbHoM H BparqaTenbHoM ABIDKeHI{fl( MOneKyn, To
oro o3nar{aer, qro @o < nNn/30 u(u:ru) Po> fu.

Aaropsr 6rarogapxt JI.I,L K-npuI{Ha 3a noJle3-
Hyro AHcKyccl{rc.
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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****

u,r;;;:;:i:;;':f 'f "i#;:nf :{:';;i:::f"ii1'f f,tff ;;:?,;,
**[nstitute of Macromolecular Compounds, Russion Academy of Sciences,

Bol'shoi pr. 3 I , St. Pitersburg, 199004 Russia
***School of Chemistry, Universiry of Birmingham,
Edgbaston, Birmingham BI5 2TT, United Kingdom

+***National Centre for Macromolecular Hydrqdynamics, Nottingham University,
Sutton Bonington Campus, LEI2 sRD, United Kingdom

Abstract-The samples of Ftve hybrid dendrimer (lactopolypropylene imine) generations were studied by the
methods of molecular hydrodynamics, including the sedimentati,oh velocity, trirslational diffusion, and intrin-
sic viscosity measurements iiOsesm'aqueous fraCl solutions. The molecrilar masses 1r.O <,ra- x'iO-, .,i'O.ii
-.d F" corresponding hydrodynamic dimensions of the dendrimer molecules were determined",ind the scating
relationships between the hydrodynamic characteristics and molecular masses were established. The results arE
interpreted taking into account that 807o of the lactodendrimer mass is concentrated at the ends of the dendrimer
molecules.
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