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Viscoelastic properties of dendrimers in the melt from nonequlibrium
molecular dynamics

Jaroslaw T. Bosko, B. D. Todd,® and Richard J. Sadus”
Centre for Molecular Simulation, Swinburne University of Technology, P.O. Box 218, Hawthorn,
Victoria 3122, Australia

(Received 10 August 2004; accepted 23 September)2004

The viscoelastic properties of dendrimers of generation 1-4 are studied using nonequilibrium
molecular dynamics. Flow properties of dendrimer melts under shear are compared to systems
composed of linear chain polymers of the same molecular weight, and the influence of molecular
architecture is discussed. Rheological material properties, such as the shear viscosity and normal
stress coefficients, are calculated and compared for both systems. We also calculate and compare the
microscopic properties of both linear chain and dendrimer molecules, such as their molecular
alignment, order parameters and rotational velocities. We find that the highly symmetric shape of
dendrimers and their highly constrained geometry allows for substantial differences in their material
properties compared to traditional linear polymers of equivalent molecular weight2002
American Institute of Physics[DOI: 10.1063/1.18186738

I. INTRODUCTION traditional polymers is the dependence of the zero-shear vis-
cosity on molecular mass. For linear chain polymers this
Dendrimers constitute a novel class of highly branchedjependence is described by;,=KM® (Rouse theory
synthetic polymer. Developments in the synthesis of denyhere o is ~1.0 for short chaingRouse nonentanglement
drimers over the last deCdda”OWS the creation of dendrim- regime’ and approaches 3.4 for |ong chains when entang|e_
ers with almost full control over their structure and function- ment becomes more Significaﬁgptation regim)g This be-
ality. The unique molecular architecture of dendrimers make§ gvior was experimentally observeahd confirmed by com-
their use for the design of novel materials very promising.puter simulatior$® The flow behavior of dendrimers is
For example, controlling surface reactivity can be used tQjifferent because of the dominant influence of their dense
make chemical Sensors, and the ab|l|ty of dendrimers to ergurface and g|obu|ar structure in Comparison to their en-
capsulate other molecules means that they might be used gghglement effects. There have been only a few experimental
molecular delivery vehicles. Encapsulation in combinationstydies of concentrated solutions or melts of dendrirk&re
with the self-assembling behavior of dendrimers makes thenthese investigations report that dendrimers do not show a
a candidate for the fabrication of novel nanoscale materialsehange in slope when the zero-shear viscosity is plotted
The distinctive transport properties of dendrimers are against the molecular mass. Instead, the viscosity steadily
source of potentially useful applications. The high degree ofycreases with the molecular mass with a decreasing slope,
symmetry of high-generation dendrimers and the decreasq@aching a value of 1} or unity!* at high molecular
entanglement in the melt causes significantly different ﬂOWweights.
properties compared with the behavior of traditional polymer | contrast to the work in the literature on solutions, our
fluids such as linear polymers. Understanding the structurgyork focuses on flow properties of dendrimers and their lin-
property relationships for dendrimers in the melt or in solu-ear counterparts at relatively high densities. Previously we
tion would enable full application of these materials as rhehave studietf the internal structure of dendrimers in the
ology modifiers, processing aids, or nanoscale lubricants. melt under shear. The aims of our current work are to char-
For the case of dendrimer solutions, the intrinsic viscosycterize the viscoelastic properties of dense model dendritic
ity has been determined experimentally and reported for sewtyids, compare them with the behavior of fluids composed
eral dendrimers. It has been observed that, unlike linear of inear chain molecules, and finally to correlate the macro-
polymers that obey the Mark—Houwink equafldny]=K  scopic properties of melts with the underlying dynamics and

*M? (where M is the molecular mass, arid, a are con-  stryctural changes of the individual constituent molecules.
stantg, the intrinsic viscosity of dendrimers reaches a maxi-

mum at a certain generation, beyond which it decreases wit) giMULATION METHOD

molecular mass. Many theoretical studigshave been de-

voted to understanding the flow properties of dendrimer sof\ Model

lutions. Dendrimers were modeled at the coarse-grained level us-
One of the properties that distinguish dendrimers froming uniform beads corresponding to either monomers or con-

stituent parts of the molecule. The excluded volume of beads

aEectronic mail: btodd@swin.edu.au was incorporated using the purely repulsive Weeks—
YElectronic mail: rsadus@swin.edu.au Chandler—AndersofWCA) potentiat* of the form
0021-9606/2004/121(23)/12050/10/$22.00 12050 © 2004 American Institute of Physics
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reduced density of 0.84. The compression was achieved us-
ing the SLLOD algorithn’ with nonzero diagonal elements

of the velocity gradient tensor, thus ensuring the system re-
mained homogeneous in space and hence reducing the over-
all equilibration time.

D2G1

B. Equations of motion

To simulate shear flow of the melts we applied the mo-
lecular version of the homogenous isothermal shear algo-
rithm (SLLOD)Y in conjunction with standard Lees—
Edwards periodic boundary conditiofsThe equations of
motion for beadw in moleculei are given by
=%+iﬂ/i

ia

lia

3

FIG. 1. Dendrimers of generations 1-4 modeled using freely jointed uni- . .m;, . v Mia
form beads. The dendrimer molecules are composed of 19, 43, 91, and 187  Pio= Fis—1 ™. YPyi— ¢ ™Mo Pi,
beads, respectively. ! !

-

Ui’=0 for rj/o=2"5 @

wherer;, andp,, represent the position and thermal momen-
tum of beada on moleculei, p; is the momentum of the
molecular center of mass of moleculandM; is the mass of
moleculei. The strain rate is defined by=du,/dy, where
u=iu, is the fluid streaming velocity in the-direction. The
streaming velocity of the molecule is determined by the po-
where:r;; is the separation between beddandj, € is the  sition of its center of mass and has the forpy; , wherey;
potential well depth andr is the effective diameter of the is the position of the molecular center of mass; no further
beads. We assiga and o to unity and, adopting common assumptions are made on the rotational degrees of freedom
practice, all quantities are expressed in reduced units relativef the molecules. The simulations were performed at con-
to the Lennard-JoneflJ) parametersri’} =r;j/o, density stant temperature using a molecular version of the Gaussian
p*=pcs, temperature T* =kgT/e, pressure tensorP* thermostat with a constraint multiplig™ given by

=Po3le, strain ratey* =(mo?/€)¥?y, and viscosity 7* N .

= (o*/me)¥?7. For simplicity of notation, hereafter the as- gM:Eizl(Fi.pi_ YPxiPyi)/Mi @
terisk will be omitted. =N pAIM; ’

In addition to the WCA potential, we modeled chemical . .
S .. whereN is the number of molecules in the system. The ther-
bonds between beads to maintain molecular topology with

the finitely extensible nonlinear elastEENE potential® of mostat congtrams the molecular kinetic temperature of the
systems defined as

6

Ui'=4e

+e for rj/o<2",

the form
FENE 0 5(RS| [1—(r;; IR )2] f <R iy pi‘pi 3N—-4
UFENEZ _ . n[1—(r;; /R, or r;; <Ry, LIS
ij ij ij - Z,l oM. 2 T - (5
Ui E=c for r;j=R,.

_ _ All simulations were performed at a molecular temperature
SettingRo=1.5 andk=30, the average distance between thet —1 25, The algorithm has been discussed in detail previ-

connected beads at equilibrium and at a temperafire oysly by Edberget al'® The justification for using the mo-
=1.25is~0.97. A review of realistic intermolecular poten- |ecylar version of the SLLOD algorithm with a thermostatted
tials is available elsewheré. molecular kinetic temperature has been discussed in detail by
We modeled dendrimers with tri-functional cores and 21,avis et al2°
beads separating the branching points. As illustrated in Fig. The equations of motion of all beads were integrated
1, this model results in 19, 43, 91, and 187 beads per singlgsing a fifth-order Gear predictor corrector differential equa-
dendrimer of generation 1, 2, 3, and 4, respectively. Hencejon solvef! with reduced time stept=0.001. After achiev-
forth, our model dendrimers will be referred to as D2G1,ing steady statdtypically several million time steps the

D2G2, D2G3, and D2G4. The length of the linear polymerspead trajectories were accumulated and ensemble averages
studied corresponded exactly to the m@ss, the number of \yere calculated.

beads of the dendrimers. Therefore, the properties of D2G1,
D2G2, D2G3, and D2G4 were compared to linear chains OE Vi lasti .
19-mers, 43-mers, 91-mers, and 187-mers, respectively. For Iscoelastic properties
simulations involving either D2G1 or 19-mers, a system of  The rheological properties of molecular melts are typi-

256 molecules was used, whereas in all other cases 125 malally analyzed using standard material functions. To charac-
ecules were used. In all cases, the system was first coiterize the rheological properties of the dendrimer melt under

structed at low density and then gradually compressed to steady shear flow we compute the shear viscosity), first
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012 7 FIG. 3. Zero-shear viscosity vs molecular mass for dendrimers and linear
| ] chain molecules. Results for chains are combined with those reported by
K . Kroger and Hesg¢Ref. 9. Lines with slope 1(Rouse regimeand 3(repta-
n o1 rLl E tion regime are fit to the data points for linear chain molecules. A single line
. E is fit to the data for dendrimers with a slope of 0.65.
0.10 H+ e
b1 and dynamics. We have reported a detailed analysis of the
0.09 ) . . . shape of dendrimer molecular melts under shear in a pervi-
. * * * : 3
0.00 0.05 0.10 0.15 ous papet:
Xy

A. Macroscopic properties
FIG. 2. Comparison of the various extrapolation schemes used to obtain the
zero-shear viscosity with simulation dail) for a generation 1 dendrimer 1. Viscosity

(D2GY: (@) 7=170— Ay (=), 7=1o—BY* (—===), 7=1o—C¥*?(---); , - N
(b) 7=, "~ DP,,. The estimated values of the zero-shear viscosity are  All of the systems studied exhibit the transition from the
9.22, 9.09, 9.42, and 9.24, respectively. The average value is 9.24. Newtonian regime for small strain rates to the non-

Newtonian regime for high strain rates. The flow curves can

be characterized by the zero-shear viscosi@yt_ling) 7, and

W, (¥) and secondV,(y) normal stress coefficients. All the the value of an exponent in the power-law regigny "

viscometric functions are expressed in terms of the compoAlthough the absolute values of viscosity depend on the ac-

nents of the molecular pressure tenBdt calculated as tual thermodynamic state point, the flow curves can be su-
perimposed on one “master curvé? Therefore, the results

e o PPl w o obtained are characteristic for the particular molecules com-
P V:Z:l ™, 24 ;1 J; ;1 FijFiajg (6)  posing the fluid.
There are several ways in which the zero-shear viscosity
wherer;; is the center of mass separation of molecilasd  of a fluid can be obtained through molecular-dynanid®)
j. Fiajp is the force on siter in moleculei due to siteg in  simulations. The most commonly used method is to perform
moleculej, andn is the total number of interaction sites in a Green—Kubo equilibrium MD simulations and compute the

molecule. zero-shear viscosity from the stress autocorrelation function.
The shear viscosity is defined as Alternatively, a less used but more efficient method is to
compute the shear viscosity as a function of strain rate via

| Pxyt Py @ NEMD simulation and then extrapolate to zero strain rate to

= 2y ' extract ny. This is the method we use. However, accurate

] o determination of the melt viscosity at very small shear rates
whereas the first and second normal stress coefficients are.5n pe a tedious and computationally expensive task, espe-

cially for systems composed of large molecules. The values
Py~ Pxx P2~ Pyy
v

= ) o= 220 (8) obtained are also often associated with a large degree of
e ¥ uncertainty. Several extrapolation schemes have been pro-
posed to derive the value of, from the flow curve. These
11l. RESULTS AND DISCUSSION include flttlng of linear 67: 770_A’y) or quadratic 67: 7o

—B%?) function£® to the values of the viscosity obtained at
Our simulation studies allow us to examine both thethe smallest shear rates. The latter dependence is also known
macroscopic flow properties of dendrimers and microscopi@s the retarded motion expansidar a third-order fluid. Al-
properties such as the effect of molecular shape, alignmenternatively, Evangt al?* proposed a square root dependence
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F = 19-mers 4 FIG. 5. Exponent of the viscosity vs. strain rate curve in the shear-thinning
®  43-mers | region plotted against molecular weight.
A 91-mers ]
v 187-mers |
similar crossover has not been observed. Instead, the rela-
tionship satisfies a power law with a single exponent that is
n smaller than that for unentangled chain moleculeg (
w0l ] «MO846(2) " Our results are in qualitative agreement with
! ] experimental observatiort$*however the absolute value of
the exponent is much smaller than the one determined ex-
perimentally. This discrepancy could be attributed to the as-
sumptions made in the way we modeled our dendrimers. The
freely jointed bead$without constraints on the bond angles
1 1 1 A 1

0.1 ot results in molecules that are more flexible than the real ones.
This means that our model dendrimer is more prone to fold
upon itself when sheared in a dense melt. This could result in

FIG. 4. Comparison of shear viscosity vs strain rate for dendrimers andower v_alues of the_ shear viscosity compared to that ob-

linear chains of equivalent molecular weight., same number of beads in  Served in real dendrimer melts.

the moleculg Solid lines represent fitting with the Carreau—Yas(Ref. 3 The exponents in the power-law region were obtained

model:_7;= 7o /[1+ (N 7y)?]P Pa_lrameters obtained from this fit are in agree- from the linear region in the log—log plot of the viscosity

ment with results presented in the text. . . : .

versus strain rate curvéFig. 4). Their values(plotted in
Fig. 5 as well as the zero-strain-rate viscosities for all stud-
ied systems are presented in Table |. For both dendrimers and

(n=mo—Cy"? for the asymptotic behavior of the fluid. linear polymers, the exponents in the power law region of the

Recently Geet al® have demonstrated that the exponenty versusy relationship increase with molecular mass, but the

dependence of the transport properties of simple fluids is #crease is more rapid for linear polymers. Also the absolute

linear function of density and temperature; such a depenvalues of the exponents are larger for linear chain molecules.
dence has yet to be determined for more complex molecularhis is in agreement with the results of Xet al?® and
fluids. The dependence of the inverse viscosity on the shearoger et al,® but in contrast with more recent results re-
stress § '= 7, —DP,,)*® can also be used to estimate ported by Krger and Hesswho find invariant exponents.

70 We determined the zero-shear viscosity as the average efowever, it should be noted that the determination of these

the values obtained using all four of these extrapolation

schemes. Details of this averaging procedure are given

elsewheré:?’ The quality of the fit to the simulation data for TABLE I. Estimated values of the zero-shear viscositg) and exponent

these various extrapolation schemes is compared in Fig. 2 f¢#>»") in the power law regiorishear thinning for dendrimers and linear
a generation 1 dendrimer. chains. Statistical uncertainfjrom the standard error of theJfiin the last

. . significant digit is given in brackets.
Figure 3 shows the dependence of the zero-shear viscos-

ity on the molecular mass for dendrimers and linear chain Dendrimers Chain polymers
molecules. We combined our results for the linear chain mol-

1E4

A . » Mass 7o n 7o n
ecules with the NEMD results obtained by Ker and Hess.
For the short chains, in agreement with the Rouse model, we 19 9.23) 0.2753) 12.54) 0.3212)
observe an almost linear dependengg{M®%9, which for 43 17.49) 0.3043) 27.32) 0.4135)
; 26.91) 0.3303) 82.17) 0.5232)
the larger molecules tends to a power law with the exponent ;g7 43.12) 0.3608) 0.7433)

>3 (reptation regimg In contrast, for dendrimer melts a
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exponents is extremely sensitive to where on the strain rate 10° T rrr——rT3
curve one assumes the power law region is valid. In the : = D2G1
absence of a commonly accepted rule for judging the onset I i ¥ e D2G2
] ; : . CoT 10° k * oA v A D2G3
of the non-Newtonian region there is some ambiguity in 3 M 3
comparing values of exponents. We further note that they use i f X v D2G4 3
the atomic SLLOD equations of motion with an atomic ther- .1 s 4, X
mostat and simulate their fluid at a lower temperature than \le 3 * E 3
ours, which could also account for differences in trends. A s " . !
full discussion on the merits and pitfalls of the various forms 107 i d X |
of the SLLOD algorithm and thermostatting mechanisms is : :
given elsewheré’ Daivis et al?° also report constant values i .
of exponents, but their estimates were performed at constant 44 AU E P TI BN
pressure, in contrast to our constant volume simulations. \
For dendrimers the exponent in the shear-thinning region 10" g A A
. . . 3 u  19-mers 3
is close to 1/3 for all generations taken into account. The F . 3
. L6 o . ® 43-mers
same scaling was observed by Lyuéhal. in their simula- 10°F 4 X A 91-mers?
tions of dendrimers in solution. Larger power law exponents E v 3
. . . . s v 187-mers ]
for linear chain molecules in comparison to branched alkanes 10' b * o 4 v i
were also reported elsewhéfei*3! V- i : v
A direct comparison of the viscosity-strain rate curves 1103 i E - : v T
for dendrimers with those of traditional linear chain poly- " o : v
mers of the same siZat the same density and temperajure .f M : s ]
is shown in Fig. 4. In all cases, when the fluid is in the 10°F = e
Newtonian regime the viscosity of dendrimer melts is lower - ]
than that of the linear molecules. Internal branching and the 10' ettt bbbl
1E-4 1E-3 0.01 0.1

compact globular structure of dendrimers, resulting in sup- .

pression of intermolecular entanglement, is responsible for V4

this decrease in viscosity. We previously analyzed the struc- _ o _ )

tural changes of dendrimers under shdand found that the I_:IG. 6. F}rst normal stress goefflment Vs strain rate for dendrimers and
. ) . . linear chain molecules of equivalent molecular weight.

outermost branches, which might participate in entangle-

ment, often fold back and can be found inside the molecule.

Therefore they can not interact with branches of other moly; -+ chain molecules. Jabbarzadstal 3 observed a simi-

ecules, consequently reducing intermolecular entanglemerlgr decrease in the normal stresses of branched polymers
and hence the shear viscosity. In the non-Newtonian regimgompared to linear polymers. In Fig. 8 the raib, /W ,| is
. . 1

the exponent n the power Igw region 1s alwayg smaller forplotted against the strain rate. For linear polymers its value is
dendrimer melts in comparison to linear chain polymers,

. . .. . . .~ ~5%-15% and is in agreement with experimental results for
leading t_o lower viscosilies for linear ch_ams In comparison, pical polymers: In contrast, for dendrimers this ratio is
to dendrlmers of thg same molecular wg|ght. In th'?‘ case th(ibout 20%. This could be attributed to the spherical shape of
branching of dendrimers reduces shear-induced alignment e molecules and internal bond constraints which prevent

molgcules, which therefore slows shear thinning. Similar bela ge stretching of the molecules and in turn leads to smaller
havior has been reported for star-shaped molecules Comparﬁdferences between the diagonal elements of the stress
to linear chain molecules of the same m#s¥. tensor

2. First and second normal stress coefficients

Figure 6 shows the log—log plot of the first normal stress> Fressure

coefficient vs. strain rate, whereas Fig. 7 shows the depen- The pressure of the systems undergoing shear flow, cal-
dence of the second normal stress coefficient on strain rateulated as the average of one third the trace of the diagonal
For all systems the stress coefficients have large power lawlements of the molecular pressure tensor, is shown in Fig. 9.
regions. The exponents of the asymptotic dependetices Unlike simple fluids, which have been shown to display a
%y~ and|W¥,|=y~# in the power law region are shown in simple power law behaviét p=p,+by™, molecular fluids
Table II. In the case of dendrimer melts, the values ofd¢he display a more complex behavior in which the pressure first
and 8 exponents appear to be constant and do not depend atecreases as a function ¢f down to a minimum, beyond
molecular mass. In contrast, for linear chain molecules theiwhich it increases with a power law behavior. The param-
values increase with the size of the molecules, in agreememters for the high strain rate power law regign=by™) are
with the observations of Kigeret al® The smaller values of shown in Table IIl. Note that thp, values here are obtained
the power law exponents for branched alkanes are also rd&y extrapolation of low strain rate data to zero strain rate.
ported by Daiviset al*° We note that Lughas studied the equilibrium volumetric
The absolute values of the first and second normal stredsehavior of athermal dendrimers in solution and compared
coefficients are usually smaller for dendrimers than that fothe results with linear systems. These equilibrium solution
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FIG. 7. Second normal stress coefficient vs strain rate for dendrimers angendrimers and linear chain molecules of equivalent molecular weight.

linear chain molecules of equivalent molecular weight.

results indicate that the pressure of high generation dendrinthe mel} under shear at different strain rates. Note the flow
ers increases more rapidly with density than is observed foinduced changes in shape and orientation of the molecule, as
linear systems. discussed in detail below.

B. Structural properties S '
] ) 1. Radial distribution function of the molecular
In our previous work® we analyzed flow induced struc- centers of mass

tural changes of dendrimers under shear. We showed that the
onset of shear thinning is correlated with the onset of stretch-
ing of the molecule$changes m_shape, fractal dimensional- (=N 1EJN>i5(|r_rij|)>
ity of dendrimer$. We now consider intermolecular correla- 5 ,
tions: Spatial distribution of molecules, their alignment, as 4mr“Np
well as the molecular dynamiospin velocity underlying — wherer;; is the distance between the centers of mass of
macroscopic flow properties of the melts. Figure 10 showsnolecules andj, N is the total number of molecules, apd
snapshot configurations of a single dendrirtgglected from s the density. This function describes the probability of find-

ing two molecules at a separationin Fig. 11 distribution

functions are shown for our dendrimer systems. The first
TABLE II. Estimated values of the exponents in the power law regions Ofpeak corresponds to the shell of the first neighbors and is
the first (¥4 y ) and second|@z|«y~) normal stress coefficients for ,p\so e at equilibriurtnot plotted and for relatively small
dendrimers and linear chains. . L . . .

strain rates. Its position is typically at the distance compa-

The radial distribution functiofRDF) is defined by

g(r)= 9)

Dendrimers Chain polymers rable to double the radius of gyratigaverage diameter of
M the volume occupied by the moleculeg=or higher strain
ass a B @ B . . . .
rates it disappears due to flow induced stretching and align-
4112 1-8222; 2-33&; i;;gg 1223 ment of molecules, which induces an orientational prefer-
o1 1:0994) 1:0038) 1:3062) 1:53_(9) ence for_ mo_lecular fihgnment. The radial distribution func-
187 1.06%4) 1.041) 1.4485) 1.5079) tion, which is spherically averaged over all space, can not

account for this without computing the angular dependence
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REEEIEEREE R -
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75 ® 19-mers N
L& 43-mers + FIG. 10. Configuration of a single dendrimer D2G4 in the melt under shear
70F A& 91-mers 4 at strain ratga) 0.0001,(b) 0.001,(c) 0.01, and(d) 0.1.
t v 187-mers 1
p 65 o . . . . . L
5 4 ment direction is the birefringence extinction angleThe
6.0} ¥ s - extent of alignment may be described by an order parameter
- : S defined as 3/2 of the principal eigenvalue of the order
| B ] | I I | | BN ] i T
5.5 | EEEREREBEE 3 . tensor. The order parameter varies betweeim@he case of
i v?* orientational disorderto 1 (for perfect alignment The ex-
50 - ‘ . vy ¥ . 1 tinction angle and the order parameter for linear chains and
1E5 1E-4 1E3 0.01 0.1 dgndnmer melts are shown in F_|g. 1_2. In bpth systgms the
. alignment angle decreases with increasing strain rate,
4 whereas for small strain rates it converges to é5¢ected
FIG. 9. Molecular pressure of melts composed of dendrmiers and lineal the Newtonian regime The order parameter instead in-
chain molecules plotted against the strain rate. creases monotonically with the strain rate. The alignment

angle is always smaller for linear chains than for dendrimers

] ) ) _of the same molecular mass, whereas the order parameter is
of g(r). However, we analyze the orientational configurationpigher for linear chains than for dendrimers. This implies
space of our dendrimers by computing order parameter§nat for equivalent strain rates, linear chains more easily

alignment angles and spin velocities. stretch and align with respect to the flow field than dendrim-
ers of the same molecular weight. As discussed previously,
2. Molecular orientation this is a consequence of the compact and constraint limiting
To describe the flow induced alignment of dendrimersgeometry of dendrimer molecules compared to the more
we calculated an order tensor defined by “open” less constrained linear molecules.
1 1
S= N > ( Ui~ 5 | ) , (100 3. Molecular rotation
=1

Apart from alignment and stretching, shear flow also in-
whereu; is the unit vector denoting orientation of the single duces rotation of molecules constituting the fluid. The angu-
molecules, andN runs over the number of molecules in the lar velocity of molecules can be derived by solving the equa-
system. We assumed that the eigenvector corresponding tion
the largest eigenvalue of the tensor of gyration denotes the L=l o (11)
orientation of the molecule. The principal eigenvector of the '
order tensor indicates the direction in which molecules aravhere L is the average angular momentum vector of the
aligned. The angle between the flow direction and the alignmolecule with reference to its center of masi the average
moment of inertia tensor, and is the average angular ve-
locity vector. Linear nonequilibrium thermodynamitgre-
Bicts that for planar shear flow the angular velocity should
satisfy the relationshim,= — /2 in the limit asy— 0.
Dendrimers Linear polymers In Fig. 13 the calculated values of the spin velocity of
dendrimers and linear chain molecules are plotted against the
strain rate. The angular velocity of dendrimers does not ap-
19 55462 1631 2044 55991 175 2.32) pear to depend on the molecular magsneratioh and its
gi gggg 3}12%; igfg)?) g:ﬁg)l) gig 3:3(12;) valu_e converges to the 1/2 slope at higher values_z dhian _
187 53503 1562)  1.5277) 5.4141) 2511 1.32) for linear chain molecules. Furthermore, the rotation of lin-
ear chain molecules is strongly correlated with the molecular

TABLE IIl. Estimated parameters in the shear-dependent pressure of th
melt given byp=py+by™.

Mass Po b m Po b m
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comparison for the smallest strain rz(ife. Plots are shifted along theaxis, s 2 E3 o001 Y
and fitted lines in each case agér)=1. In panels(a)—(d) curves corre- .
spond to strain rates 0.1, 0.01, 0.001, and 0.0001 from bottom to top, re- }/

spectively. In panefe) the arrows indicate the distance corresponding to the

average diameter of dendrimgtsvice the radius of gyration FIG. 12. Birefringence extinction angleop panels in@) and(b)] and order

parametefbottom panels i@ and(b)] as a function of strain rate fdg)
linear chain molecules and) dendrimers.

mass(chaln Iengtl)m The cht that the rotation of dendrlmer.s IV. CONCLUSIONS

is less constrained is a direct consequence of the dendrimer

architecture, which results in compact and symmetric struc- We have performed nonequilibrium molecular dynamics
tures that prevent branch entanglement. studies on the viscoelastic properties of coarse-grained den-
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T T T T T T T T T T

s D2G1
e D2G2
A D2G3
v D2G4

E molecules of equivalent mass. The rotation of dendrimers is
; ] less constrained due to the compact and symmetric architec-
ture that prevents branch entanglement. These interesting
features of dendrimers suggest that they may be usefully uti-
lized as additives in blends of traditional linear polymers.
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