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In this work the hydrodynamic radius and scaling relations of linear and 4 arm polyvinyl acetate (PVAc) were
calculated from self-diffusion measurements. Self-diffusion coefficients at infinite dilution were estimated
from measurements of self-diffusion at 25 °C in deuterated chloroform and in the dilute regime using pulsed
gradient spin-echo (PGSE) nuclear magnetic resonance (NMR). Scaling laws were observed but
unexpectedly these star polymers showed slightly larger hydrodynamic radii than the linear equivalents.
Hydrodynamic radii were calculated for different Perrin or shape factors (i.e. spherical, cylindrical and
ellipsoidal), and the equivalent hydrodynamic radii for the cylinders and ellipsoids were compared to those
obtained for a spherical shaped molecule. These were also compared to an approximate equivalent
hydrodynamic radius estimated using approximate dimensions of the polymers at maximum extension for
the cylinder/ellipsoid molecular shapes. Results for cylinder and ellipsoid shapes were almost identical for
the same aspect ratios as expected.
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1. Introduction

Self-diffusion, the random translational movement of a particle
without external force, is the most fundamental form of molecular
transport. It is related to hydrodynamic properties such as molecular
size/shape and intermolecular interactions. Translational diffusion
studies can provide information about the solution properties of
molecules. Pulsed gradient spin-echo (PGSE) is a versatile and non-
invasive nuclear magnetic resonance (NMR) technique which can be
used to measure self-diffusion [1]. The Stokes–Einstein–Sutherland
equation relates the diffusion coefficient, D (m2 s–1), of a particle to its
hydrodynamic size, i.e. hydrodynamic radius, through the relation-
ship of the diffusion coefficient, strictly the self-diffusion coefficient at
infinite dilution, D0, and the friction coefficient, f [1–5], by,

D0 =
kBT
f

=
kBT

χπηRH
; ð1Þ

where kB is the Boltzmann constant, T is the temperature, f is the
friction coefficient (J s m−2) which for a solution depends on the
viscosity of the solvent, η (Pa s), and also the shape of the diffusing
species. f in Eq. (1) has been expanded for the simplest and crudest
approximation of a spherical molecule [2,3] and other shapes will be
described in Section 1.1.χ is a number that depends on if the diffusion
is under ‘stick’ (χ=6) or ‘slip’ (χ=4) conditions, which characterises
the interaction between the solute and the solvent, and typically the
‘stick’ condition is applicable for large solutes [6].

1.1. Hydrodynamic size and shape factors

To describe the molecular shape a shape factor, also referred to as
the Perrin factor [7], is used [1]. The shape factor, FShape, is the ratio of
friction coefficient of the molecular shape, f, to that of a sphere, f 0, of
equivalent volume, or is the ratio of the hydrodynamic radius of the
shape, RH, Shape, to that of sphere of equivalent volume, RH, eq [7], that is
[1,7,8],

FShape =
f
f 0

=
RH; Shape

RH; eq
: ð2Þ

Note, for a spherical molecule FSphere=1, since f= f 0=6πηRH,
where RH=RH, eq.

Other geometries are typically more suited to real molecules, for
example cylinders or ellipsoids. One approximation, since exact
analytical solutions are difficult to obtain [9], of the shape factor for
a cylindrical molecule is [7],

FCylinder = 1:0304 + 1:93 × 10−2 ln pð Þ+ 6:229 × 10−2 ln pð Þ2 + 4:76

× 10−3 ln pð Þ3 + 1:66 × 10−3 ln pð Þ4 + 2:66 × 10−6 ln pð Þ7;
ð3Þ
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where p=L/d is the aspect ratio and L is the length/height of the
cylinder and d is its diameter, and this formula applies for the range of
p=0.01–100. Formulae for other ranges of p and other representa-
tions of this can be found in the literature [8–12].

A molecule shaped like a prolate ellipsoid has a shape factor of
(e.g. see Ref. [7]),

FProlate Ellipsoid =

ffiffiffiffiffiffiffiffiffiffiffiffiffi
p2−1

p
p

1
3 ln p +

ffiffiffiffiffiffiffiffiffiffiffiffiffi
p2−1

ph i ; ð4Þ

where p=a/b is the aspect ratio, a is the polar radius of the ellipsoid
and b is its equatorial radius. Note that for prolate ellipsoids pN1 since
aNb. When pb1 the molecular shape is that of an oblate ellipsoid and
the corresponding shape factor is (e.g. see Ref. [7]),

FOblate Ellipsoid =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
p

� �2
−1

s

1
p

� �2
3

arctan

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
p

� �2
−1

s ! ; ð5Þ

where p here is defined in the same way as for the prolate ellipsoid.
Alternative representations of this can also be found in the literature
[3,7,13].

When using Eqs. (3) and (4) it is useful to find RH, eq and compare it
to that obtained for a spherical molecule, RH, this can be achieved by
using Eq. (1) and solving for RH, eq,

RH; eq =
kBT

6πηD0FShape
: ð6Þ

1.2. Diffusion in dilute polymer solutions

Diffusion in polymer systems depends on the concentration for
which the three regimes are dilute, semi-dilute and concentrated, and
the boundary of dilute and semi-dilute is characterised by the critical
overlap concentration, c*, at which the polymers start to interact in
solution [2,14–17]. A good estimate for this is c*=1/[η] [18], where
[η] is the intrinsic viscosity of the polymer solution as given by the
Mark–Houwink–Sakurada (MHS) equation, [η]=KMα [2,19,20]. At
concentrations less than c⁎ the solutions are termed dilute and the
polymers are separated and interact only with solvent molecules [2].
For determination of the hydrodynamic radius the solutions studied
need to be in the dilute regime and D0 needs to be estimated, for this
reason the concentration of the polymer solutions in this study were
below c*, which was estimated using [η].

Scaling laws are commonly used to relate the physical properties
such as the diffusion of a polymer to its molecular weight and/or
concentration in solution [2,13,15,19–24]. The concentration depen-
dence of D in dilute polymer solutions can be represented by
[2,15,21,24],

D = D0 1 + k1c + k2c
2 + ⋯

� �
; ð7Þ

where c is concentration and k1, k2 and others in the power series are
constants that depend on the polymer and solvent. Typically the self-
diffusion coefficient decreases linearly as c increases for low c [2] and
can usually be satisfactorily fit to the first order expression of Eq. (7)
[15,23,25].

For dilute solutions the proportionality of D∝Mv exists, whereM is
the molecular weight of the polymer [13,23,26]. This relationship
depends on the polymer-solvent system [21,27–29] and v can range
from 0.5 (for a theta solvent, i.e. the polymer assumes unpertur-
bed dimensions) −0.6 (for a good solvent, i.e. the polymers are
expanded) [2,23,27–29], the values for this come from Flory theory
and the Zimm model [2,13]. As branched polymers cannot be as
extended in a good solvent as their linear equivalent, it is expected
that vb0.6 [28]. However, these scaling laws may not account for
changes in molecular shape, e.g. linear rods to random coils with
increasing molecular weight [30]. The value of v also reflects chain
stiffness, D will be smaller for a rigid molecule when compared to a
flexible one as it will be larger due to the rigid bonds [13], and so v
may be N0.6. Since D is proportional to hydrodynamic size through
molecular weight, then scaling laws are expected for RH [2,23,31,32].
The scaling laws typically observed are of the form,

RH = kMv
; ð8Þ

where k is a scaling constant. Actually, the scaling relations are
observed for the radius of gyration and the end to end distance, but
since RH is proportional to these then similar scaling is expected and
similarly, scaling behaviour exists with respect to the number of
monomers or statistical segments [2,13,15]. However, the exponent of
the proportionality RH∝Mv may be less than expected in some
systems which may be due to partial draining conditions [32].

For polymer solutions, there are two extremes of frictional beha-
viour, these are free-draining and non-draining [1,20]. In the free-
draining condition where the solvent molecules flow past each
segment of the polymer as there are no hydrodynamic interactions, f
in Eq. (1) is related to the number of segments and the friction per
segment, with each segment having the same friction coefficient
[1,20]. Themore likely situation is the non-draining limit [1] or at least
a combination of the free-draining and non-draining conditions [20].
In the non-draining condition the solvent molecules within the coil
move with it, that is, there is strong hydrodynamic interaction, and
the polymer coil can be modelled as an impermeable sphere. In this
limit f is not directly proportional to number of segments in contrast
to the free draining condition [1,20].

1.3. Aims

In this work we present the results of hydrodynamic radius
calculations based on self-diffusion measurements on linear and 4
arm star polyvinyl acetate (PVAc) polymers using the PGSE NMR
technique. Spherical, cylindrical (both rod and discs) and ellipsoid
(both prolate and oblate) molecular shapes were considered and
some brief considerations for the values of the aspect ratios, p, are
given.

2. Experimental

2.1. Materials

Vinyl acetate (VAc, 99+%) was purchased from Aldrich and was
purified by passing it through an activated acidic alumina oxide
(Aldrich, 150 mesh, 58 Å, surface area 155 m2 g−1) column then
distilled. Azodiisobutyronitrile (AIBN) was purchased from DuPont
Pty Ltd, toluene (99.8%) from LabScan Analytical Sciences, tetrahy-
drofuran (THF, HPLC grade) from Ajax Finechem, narrow molecular
weight polystyrene (PS) standards from Polymer Laboratories and
except for the purified monomer and synthesised chain transfer
agents, all were used as received. The standard methanol sample
(99.97% MeOH+0.03% HCl) for NMR temperature calibration was
purchased from Wilmad. D2O (99.9% D) and was purchased from
Isotec Inc and CDCl3 (99.8% D or 99.8%D with 1% TMS) was
purchased from Cambridge Isotope Laboratories Inc. NMR tubes
were Wilmad® NMR tubes (Wilmad Lab Glass, 5 mm, 528-PP). The
linear chain transfer agent (methyl 2-(ethoxycarbonothioylthio)
acetate, CTAL) [33] and the four arm chain transfer agent (2,2-bis((2-
(ethoxycarbonothioylthio)propanoyloxy)methyl)propane-1,3-diylbis(2



Fig. 1. The DSTE sequence with trapezoidal gradient pulses and a longitudinal eddy
current delay (te) used in this work. This sequence is two stimulated echo (STE) type
sequences joined with the diffusion time in each STE, Δ/2, and the total diffusion time
is Δ. The rise and fall time of the trapezoidal gradient pulses is ε and the total gradient
pulse width is δ.
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(ethoxycarbonothioylthio)propanoate), CTA4) [34,35] were synthesized
as described in literature.

2.2. Methods

2.2.1. Polymer synthesis and characterisation
Chain transfer agent (CTAL or CTA4), AIBN, VAc and toluene were

transferred to ampoules and the solutions were thoroughly deoxy-
genated by three or four freeze – pump – thaw cycles under high
vacuum after which the ampoules were flame-sealed. They were then
placed in an oil bath at the required temperature and removed when
necessary. The reactions were stopped by breaking the ampoule necks
and evaporating the residualmonomer and/or solvent on a steambath.

Polymer molecular weights were determined via GPC analysis
using a HP 1100 Series instrument. ChemStation for LC3D software
(Agilent Technologies) was used for method and run control and
ChemStation GPC data analysis software (Agilent Technologies) was
used to analyse the data. Low resolution GPC was performed with a
broad molecular weight column (Shodex® KF-806 M, 10 μm, exclu-
sion limit: 2×107 g mol−1) and high resolution GPC was performed
with three PLgel, 5 μm, individual pore size columns (Polymer
Laboratories; 103 Å [effective range: 500–60,000 g mol−1], 104 Å
[effective range: 10,000–600,000 g mol−1] and 105 Å [effective range:
60,000–2,000,000 gmol−1]). Polymers were elutedwith THF at a flow
rate of 1 mL min−1 with toluene flowmarker. The GPC was calibrated
with 10 narrow molecular weight PS standards and universal
calibration was used to convert the PS equivalent weights of PVAc
to the true PVAc weights. The MHS correction factors used for this
were [19], K=16×10−3 mL g−1 and α=0.70 (for PVAc) and
K=14×10−3 mL g−1 and α=0.70 (for PS). The PVAc polymers
were purified via preparative GPC with a 10 mL min−1

flow rate
through a guard column (PLgel Prep Guard, 25×25 mm, Polymer
Laboratories) and a preparative column (PLgel, 10 μm, 103 Å, effective
molecular weight range: 500–60,000 g mol−1, Polymer Laboratories).
High resolution GPC was then used to analyse the purified polymers.
The peakmolecular weight,Mp, and polydispersity index (PDI) of each
polymer used for this study are given in Table 1.

2.2.2. PGSE NMR for diffusion measurements
1H NMR diffusion experiments were performed at 25 °C with a

Bruker Avance 400 MHz with 5 mm broadband X(H) probe equipped
with a z-axis gradient. All data fitting for NMR calibration and
diffusion measurement analysis, was performed using OriginPro
8 (OriginLab Corporation) software using the Levenberg–Marquardt
algorithm. The temperature was calibrated using a standardmethanol
sample [36,37]. The gradient strength was calibrated by measuring
the diffusion of the residual HOD in D2O (400 μL) at 25 °C with the
double stimulated echo (DSTE) [38] with trapezoidal gradient pulses
(shown in Fig. 1). The maximum gradient strength was found to be
0.521 T m−1.

Polymer diffusion measurements were also performed with this
sequence, which was chosen to minimize convection problems and
Table 1
Molecular weights and PDI of the synthesised PVAc polymers.

Linear PVAc 4 arm PVAc

Mp×10−3 (g mol−1) PDI Mp×10−3 (g mol−1) PDI

5 1.20 6.5 1.17
11 1.26 17 1.22
27 1.38 40 1.27
45 1.42 58 1.30
59 1.46 89 1.33
115 1.63 – –
because in macromolecular samples the spin-lattice relaxation time,
T1, is much greater than the spin-spin relaxation time, T2 [39]. The
attenuation due to diffusion for this sequence with trapezoidal
gradient pulses was derived for this study using Maple 12 (Maplesoft,
Waterloo Maple, Inc.) and is given by,

E g;Δð Þ = exp − γ2g2 δ2 Δ−2δ
3

� �
+ BTrapezoid

� �� �
D

	 


where BTrapezoid = −2δεΔ + 2δ2ε +
16ε3

15
−35δε2

15
+ ε2Δ

 !
; ð9Þ

where γ is the gyromagnetic ratio of the nucleus, g is the gradient
strength (T m−1) and the delays (i.e. Δ, δ, τg, T, te, ε) (in s) are shown
in Fig. 1. The attenuation is of the form described for the Stejskal and
Tanner sequence with different gradient pulse shapes [39,40]. The
data was normalized to the signal at 0.011 T m−1 gradient strength
since the signal with 0 T m−1 gradient strength of stimulated echo
type sequences can be affected by cosine modulation dependent on
chemical shift [41,42]. Further experimental considerations can be
found in the literature [1,39,41,43].

The diffusion coefficients for linear and 4 arm PVAcweremeasured
in dilute ‘monomodal’ polymer solutions (i.e. only one Mp and one
type of polymer present) at three concentrations, approximately 1.5%
w/v, 0.75% w/v and 0.31% w/v. The PDI associated with each of these
polymers was ignored for the analysis and the measured diffusion
coefficients were assigned to a single molecular weight (i.e. Mp).
Polymers were weighed directly into the NMR tubes and 400 μL of
CDCl3 was added and the tubes with lids were sealed with paraffin
film. The polymer solutions were allowed to equilibrate for at least 3 h
after which the solution was thoroughly stirred using a vortex mixer.
The meniscus was marked to check for solvent evaporation during
preparation and between NMR experiments.

Generally for the diffusion experiments, the values of δ, Δ, and g
were selected so that the signal attenuated to 10% of the signal
without gradient and then the attenuation was measured by varying
g. Typically the recycle delay time between diffusion experiments was
28–35 s (5×T1 of CHCl3, longer than any of the polymer resonances so
that the diffusion coefficient of CHCl3 could also be measured as a
check), and depending on the polymer type, molecular weight and
concentration, δ ranged from 2–8 ms, Δ ranged from 0.07–0.65 s,
ε=50 μs, τg=200 μs, te=5ms, spectral width was 8250 Hz digitized
into 8 k or 16 k data points, the gradient strength was typically varied
from 0.011–0.469 T m−1 in increments of 0.029 T m−1 giving a total
of 17 data points for each attenuation curve. Each spectrum was
averaged over 8 scans. The CH signal, for linear and 4 arm PVAc, was
integrated over the range 4.60–5.40 ppm. Non-linear regression with
Eq. (9) was used to calculate the diffusion coefficients. D0 was
estimated by fitting the first order approximation of Eq. (7) to the
results for each Mp. The hydrodynamic radii of the polymers were
calculated using spherical, rod with LNd and prolate ellipsoid with
p=3, 6, 15 and 30, disc with Lbd and oblate ellipsoid with p=0.01,
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0.05, 0.2, 0.8 shape factors and using Eqs. (1)–(6) (where χ=6 and η
(CDCl3)=5.38611×10−4 J s m−3 which is the corrected viscosity of
CHCl3 when deuterium is present using the viscosity ratio given by
Holz [44]). The scaling laws with respect to the hydrodynamic radii
and equivalent hydrodynamic radii for the cylinder and ellipsoid
models were found (e.g. Eq. (8)) and compared to the estimated
equivalent hydrodynamic radius for an extended polymer confined to
the shape chosen (i.e. rod/disc or prolate/oblate ellipsoid). That is, a
value of L and d for the rod and disc shapes and a value of a and b for
the prolate and oblate ellipsoid shapes were crudely estimated from
molecular dimension considerations. These are referred to here as
Lmax and dmin for a rodwith pN1, Lmin and dmax for a disc with pb1, amax

and bmin for a prolate ellipsoid, and amin and bmax for an oblate ellipsoid
but note that those with subscripts min may not strictly be the mini-
mum. Using these, a molecular weight dependent aspect ratio, p(Mp),
was determined, as well as another equivalent hydrodynamic radius,
RH, eq A. RH, eq A was calculated by equating the volume of the cylinder
to the volume of a sphere (e.g. Refs. [1,8]) and so,

RH; eq A = L 3
16 p Mp

� �� �2� �1
3

;

 
ð10Þ

where L here is Lmax or Lmin depending on if the shape is rods or discs.
Similarly, equating the volume of the prolate or oblate ellipsoids to the
volume of a sphere (e.g. Ref. [1]) and so,

RH; eq A = ab2
� �1

3
; ð11Þ

where a and bhere are amax and bminor amin andbmaxdependingon if the
shape is prolate or oblate ellipsoids. Note, the shape factor can also be
considered dependent on molecular weight through the molecular
weight dependent aspect ratio, p(Mp). The errors taken for the diffusion
coefficients, and hence the hydrodynamic radii, were the standard
errors from the data fitting, but it should be noted that after including
factors like inherent gradient inhomogeneity and gradient calibration
errors one can expect a variation of order of 1% for duplicate
measurements. The errors in the scaling laws are from the data fitting.

3. Results and discussion

As mentioned earlier, the PDI of the polymers was ignored for the
analysis of the diffusion coefficients and the single molecular weight
ofMpwas assigned to the diffusion coefficients. The PGSE attenuations
for the polymer solutions measured were mostly monoexponential
and could be fit satisfactorily with Eq. (9) with fitting errors of b2%. A
sample of the experimental attenuations and their corresponding fits
are shown in Fig. 2. Actually, the polydispersity results in the
measured diffusion coefficient being a weighted average, hDiw
[22,45], and so the hydrodynamic radius calculated using Eq. (1)
will also be a weighted average, hRHiw. Hence, the hydrodynamic radii
presented in this paper should be considered as weighted averages.

The hydrodynamic radius was first calculated with the spherical
molecule model and the results are shown in Fig. 3. Interestingly the
star PVAc was observed to diffuse slightly slower than the linear
equivalent giving a slightly larger RH and a higher scaling exponent,
vStar=0.58±0.01 compared to vLinear=0.53±0.01. The full scaling
laws are provided in the caption of Fig. 3. The deviation between the
linear and star RH increased with molecular weight, this is the same as
a higher f for the star polymer. These results are in contrast to
theoretical concepts that star polymers diffuse faster than their linear
equivalent due to a more compact structure and limited expansion
[2,46–49]. Actually other experimental results suggest that the
reduction in the hydrodynamic radii aren't as large as what is
expected from the theory and is attributed to the deviation from the
requirement that the hydrodynamic shrinking factor assumes that the
arms are undisturbed by the others giving a ratio of RH, Star/RH, Linearb1
[47], but the ratio is still less than unity. The hydrodynamic shrinking
factor may also vanish as molecular weight decreases because the
expansion based on excluded volume increases [47]. Prats, Pla and
Freire [46] acknowledged that both the theory and the synthetic
techniques need improvement to allow for better comparison of the
results for star polymers to the theory, as for example, uniform stars
can be difficult to synthesise since there is the possibility that some
arms grow more than others. At present we cannot provide a
conclusive interpretation of the observed deviation from the theory
but we speculate here that the core molecule used for the synthesis of
the 4 arm PVAc may have an effect on these factors (i.e. the planar
carbonyl and bulky methyl groups in the core may result in a higher
expansion factor through rigidity and steric effects), alternatively the
molecular shape may be different than from that of a ‘spherical
random coil’ and the model of a spherical particle is oversimplified,
the stars may have been non-ideal but still a branched polymer and
also the polydispersity may have resulted in some sort of averaging of
the hydrodynamic radii of the star and linear PVAc, as observed for
diffusion coefficients [50].

The friction coefficient, f, was calculated using Eq. (1) with the
assumption of a spherical molecule. The dependence of f on Mp is
similar to that seen in Fig. 3 for the dependence of RH on Mp. This is
because f calculated in this way is simply a scaled version of RH
estimated using the spherical molecule model (i.e. f=6πηRH as seen
in Eq. (1)) and so is not shown as the graphs are identical except for
the y-axes. Actually, the higher friction coefficient indicates a more
expanded or rigid structure for the 4 arm star polymer.

The shape factor with the same pwas considered for the linear and
4 arm star polymers separately, since applying the same shape factor
to both simultaneously would shift both results to higher or lower RH,
eq. Recall that RH, eq here refers to the equivalent hydrodynamic radius
based on a sphere of the same volume, see Section 1.1. Of course
applying the same FShape for both architectures but with different p
values results in differently displaced curves. The first shape factor
considered was that of a rod shaped hydrodynamic particle, a
cylindrical molecule with pN1 (i.e. Eq. (3)). The results are shown
in Fig. 4 (applying FCylinder to the linear PVAc) and Fig. 5 (applying
FCylinder to the 4 arm PVAc) and as expected the shape factor results in
a lower RH, eq than RH. Also as expected the scaling exponent (v) for the
scaling laws (i.e. Eq. (8)) shown in the captions of Figs. 4 and 5, are
identical and only the scaling constant (k) shifts by the shape
factor for a given p value. Consideration was given for the maximum
allowed rod length (Lmax) and a potential minimum diameter (dmin)
to define one possible p(Mp). For linear PVAc, Lmax was taken as
the fully extended length which is the contour length corrected
for the bond angles along an all anti (or trans) configuration chain,
Rc, all anti ‘trans’ config. While for the 4 arm PVAc, Lmax was taken as twice
the fully extended length of one armwhich is twice the contour length
of one arm corrected for the bond angles along an all anti con-
figuration chain, 2Rc, all anti ‘trans’ config per arm of star. Note that in the above
calculations of Lmax, themolecular weight of the core/end groupswere
not accounted for since the length is approximate in any case (i.e. due
to PDI and assumptions). dmin is a little harder to define or estimate
and was taken here as ∼1 nm for the linear PVAc and ∼2 nm for the 4
arm PVAc based on minimised energy 3D chemical models in Chem
3D Ultra (CambridgeSoft Corporation) and assumptions. RH, eq A was
calculated using these values of L and d with Eq. (10). Lines
corresponding to RH, eq A in Figs. 4 and 5 are effectively the lines
defining when the volume of the hydrodynamic particle exceeds the
volume of the extended and solvated polymer chain (or chains in the
case of the star polymer). Since Lmax depends on the molecular weight
an Mp-dependent aspect ratio (i.e. p(Mp)) can be found. This could
be used with the results for D0 to find another equivalent
hydrodynamic radius by, for example, using p(Mp) in Eq. (3). For
the definition of p(Mp) using Lmax, this would be RH, eq for a constant



Fig. 2. Sample experimental attenuation curves and fits with Eq. (9) where b=[γ2g2(δ2(Δ−2δ/3)+BTrapezoid)]. Linear PVAc: a. Mp=5×103 g mol−1 and PDI=1.20,
b. Mp=45×103 g mol−1 and PDI=1.42, and c. Mp=115×103 g mol−1 and PDI=1.63. Four Arm PVAc: d. Mp=6.5×103 g mol−1 and PDI=1.17, e. Mp=40×103 g mol−1 and
PDI=1.27, and f. Mp=89×103 g mol−1 and PDI=1.33. The samples shown have concentrations of 0.31% w/v.
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dmin. However, p(Mp) defined in this way is probably unrealistic as
polymers are likely to adopt a random coil configuration in solution
and so different dependencies of p onMp would be more realistic. This
could be useful to study systems where changes of p with Mp are
known to occur. One example is lowmolecular weight DNAwhere the
diameter may be constant but the length changes with increasing
molecular weight as considered in Ref. [10].
Fig. 3. RH for a spherical molecule for the 4 arm star (●,―) and linear (■, ―)
PVAc calculated from Eq. (1) with χ=6. The error bars are smaller than the
symbols. The lines are fits to power laws (i.e. Eq. (8)) and for the 4 arm PVAc:
RH=[(1.09±0.15)×10−11]Mp

(0.58±0.01) (m) and for the linear PVAc: RH=[(1.78±
0.09)×10−11]Mp

(0.53±0.01) (m).

Fig. 4. Hydrodynamic radius calculations for linear PVAc (solid symbols and lines) using
a rod shape molecule and comparisons to the results from the spherical molecule
assumption and equivalent hydrodynamic radius from p(Mp). RH for a spherical
molecule for the 4 arm star (○, - - -) and the linear (■, ―) PVAc. RH, eq for the rod
molecular shape (pN1) for the linear PVAc for p=3 (▲,―), p=6 (▼,―), p=15 (Y,―)
and p=30 (a,―). Calculation using p(Mp) assuming Lmax=Rc, all anti ‘trans’ config and that
the dmin ∼1 nm (very crude) of RH, eq A for linear PVAc ( ) is from the formula for
equivalent volume using the Lmax and dmin values. The error bars aremostly smaller than
the symbols, and all except the calculated RH, eq A have error bars. The lines are fits to
power laws (but note that the definition of RH, eq A means it will have exponent of 1/3),
these are 4 arm PVAc and linear PVAc spherical particles: as before in Fig. 3, linear PVAc
rod with p=3: RH, eq=[(1.57±0.08)×10−11]Mp

(0.53±0.01) (m), p=6: RH, eq=[(1.36±
0.07)×10−11]Mp

(0.53±0.01) (m),p=15:RH, eq=[(1.03±0.05)×10−11]Mp
(0.53±0.01) (m),

p=30:RH, eq=[(7.96±0.40)×10−12]Mp
(0.53±0.01) (m), linear PVAc rodRH, eq A:RH, eq A=

[8.18×10−11]Mp
(0.33) (m).



Fig. 5. Hydrodynamic radius calculations for the 4 arm star PVAc (solid symbols and lines)
using a rod shape molecule and comparisons to the results from the spherical molecule
assumption and equivalent hydrodynamic radius from p(Mp). RH for a spherical molecule
for the 4 arm star (●,―) and linear (□, - - -) PVAc.RH, eq for the rodmolecular shape (pN1)
for the 4 arm PVAc for p=3 (▲, ―), p=6 (▼, ―), p=15 (Y, ―) and p=30 (a, ―).
Calculation using p(Mp) assuming Lmax=2Rc, all anti ‘trans’ config per arm of star and that the dmin

∼2 nm (very crude) of RH, eq A for 4 arm PVAc ( ) is from the formula for equivalent
volume using the Lmax and dmin values. The error bars aremostly smaller than the symbols,
and all except the calculated RH, eq A have error bars. The lines are fits to power laws (but
note that the definition of RH, eq A means it will have exponent of 1/3), these are 4 arm
PVAc and linear PVAc spherical particles: as before in Fig. 3 and 4 arm PVAc rodwith p=3:
RH, eq=[(9.57±1.36)×10−12]Mp

(0.58±0.01) (m), p=6: RH, eq=[(8.30±1.18)×10−12]
Mp

(0.58±0.01) (m), p=15: RH, eq=[(6.29±0.90)×10−12]Mp
(0.58±0.01) (m), and p=30:

RH, eq=[(4.85±0.69)×10−12]Mp
(0.58±0.01) (m), 4 arm PVAc rod for RH, eq A: [(1.03×

10−10]Mp
(0.33) (m).

Fig. 7. Hydrodynamic radius calculations for the 4 arm star PVAc (solid symbols and lines)
using a disc shape molecule and comparisons to the results from the spherical molecule
assumption and equivalent hydrodynamic radius from p(Mp). RH for a spherical
molecule for the 4 arm star (●,―) and linear (□, - - -) PVAc. RH, eq for the disc molecular
shape (pb1) for the 4 arm PVAc for p=0.01 (▲, ―), p=0.05 (▼, ―), p=0.2 (Y, ―)
and p=0.8 (a, ―). Calculation using p(Mp) assuming Lmin ∼1 nm and that the
dmax =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16Rc; all anti 0 trans0 config per armLmin = π

p
(very crude) of RH, eq A for 4 arm PVAc

( ) is from the formula for equivalent volume using the Lmin and dmax values. The error
bars are mostly smaller than the symbols, and all except the calculated RH, eq A have error
bars. The lines are fits to power laws (but note that the definition of RH, eq A means it will
have exponent of 1/3), these are 4 arm PVAc and linear PVAc spherical particles: as before
in Figs. 3 and 4 arm PVAc disc with p=0.01: RH, eq=[(4.48±0.64)×10−12]Mp

(0.58±0.01)

(m), p=0.05: RH, eq=[(7.09±1.01)×10−12]Mp
(0.58±0.01) (m), p=0.2: RH, eq=[(9.43±

1.34)×10−12]Mp
(0.58±0.01) (m), and p=0.8: RH, eq=[(1.06±0.15)×10−11]Mp

(0.58±0.01)

(m), 4 arm PVAc disc for RH, eq A: [(8.87×10−11]Mp
(0.33) (m).
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The next shape factor considered was that of a disc shaped
hydrodynamic particle, a cylindrical molecule with pb1 (i.e. still
Eq. (3)). The results are shown in Fig. 6 (applying FCylinder to the linear
PVAc) and Fig. 7 (applying FCylinder to the 4 arm PVAc) and again the
shape factor results in a lower RH, eq than RH. Note again that it is only
the scaling constant (k) that shifts due to the shape factor for a given
Fig. 6. Hydrodynamic radius calculations for linear PVAc (solid symbols and lines) using a
disc shape molecule and comparisons to the results from the spherical molecule
assumption and equivalent hydrodynamic radius from p(Mp). RH for a spherical molecule
for the 4 arm star (○, - - -) and the linear (■, ―) PVAc. RH, eq for the disc molecular
shape (pb1) for the linear PVAc for p=0.01 (▲, ―), p=0.05 (▼, ―), p=0.2 (Y, ―) and
p=0.8 (a, ―). Calculation using p(Mp) assuming Lmin ∼1 nm and that the
dmax =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Rc; all anti 0 trans0 configLmin = π

p
(very crude) of RH, eq A for linear PVAc ( ) is from

the formula for equivalent volume using the Lmin and dmax values. The error bars are mostly
smaller than the symbols, and all except the calculated RH, eq A have error bars. The lines are
fits to power laws (but note that the definition of RH, eq Ameans itwill have exponent of 1/3),
these are 4 arm PVAc and linear PVAc spherical particles: as before in Fig. 3, linear PVAc disc
with p=0.01: RH, eq=[(7.35±0.37)×10−12]Mp

(0.53±0.01) (m), p=0.05: RH, eq=[(1.16±
0.06)×10−11]Mp

(0.53±0.01) (m), p=0.2: RH, eq=[(1.55±0.08)×10−11]Mp
(0.53±0.01) (m),

p=0.8: RH, eq=[(1.73±0.09)×10−11]Mp
(0.53±0.01) (m), linear PVAc disc RH, eq A: RH, eq A=

[8.87×10−11]Mp
(0.33) (m).
p value. Considerationwas given for theminimum allowed disc height
(Lmin) and a potential maximum diameter (dmax) to define one
possible p(Mp). For the case of disc molecular shapes the estimation of
Lmin and dmax are probablymore crude than estimating the dimensions
for rod molecular shapes. The following estimates are for the very
crude assumption of a planar spiral for both the linear and 4 arm PVAc.
For the case of the linear PVAc this is with one end of the long chain at
the centre of the spiral and for the 4 arm PVAc this is with the core as
the centre of the spiral. For both linear and 4 arm PVAc, Lmin was
crudely estimated as ∼1 nm. dmax was taken as diameter of the spiral
formed and is again related to the fully extended length for the linear
PVAc and the fully extended length of one arm for the 4 arm PVAc.
Note that in the above calculations of dmax, the molecular weight of
the core/end groups were not accounted for since the length is
approximate in any case (i.e. due to PDI and assumptions). RH, eq A was
calculated using these values of L and d with Eq. (10). Lines
corresponding to RH, eq A in Figs. 6 and 7 are effectively the lines
defining when the volume of the hydrodynamic particle exceeds
the volume of the spiral formed from the extended and solvated
polymer chain (or chains in the case of the star polymer). Again, as
dmax depends on the molecular weight an Mp-dependent aspect ratio
(i.e. p(Mp)) can be found. This could be used with the results for D0

to find another equivalent hydrodynamic radius by, for example,
using p(Mp) in Eq. (3). For the definition of p(Mp) using dmax, this
would be RH, eq for a constant Lmin. Again, p(Mp) defined in this way is
probably unrealistic as polymers are likely to adopt a random coil
configuration in solution and so different dependencies of p on Mp

would be more realistic. As mentioned previously, this could be useful
to study systems where changes of p with Mp are known to occur.

Prolate and oblate ellipsoid models were also considered using
Eqs. (4) and (5). These showed very similar results to those of the
cylindrical model with pN1 (rod) and pb1 (disc) and so the results are
not shown here. This similarity is expected from the similar shape
factors in the range of p used (see Fig. 8). However, the results for the
oblate ellipsoid model differed more from the disc model than the
prolate ellipsoid model did from the rod model. This can be seen in



Fig. 8. The shape factors for ellipsoid (- - -) and cylindrical (―) shaped molecules in the
range of p=0.01–100. These were simulated using Eqs. (3)–(5). Prolate ellipsoids and
rods have the range of pN1, while oblate ellipsoids and discs have the range of pb1.
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Fig. 8 as the deviation of the oblate and disc shape factors for
decreasing p. The oblate ellipsoid model resulted in lower values of
RH, eq than the disc model since the shape factor was less for the disc
model at lower p values.

Similar consideration was given for the maximum and minimum
allowed value of the polar radius, amax and amin, and potential
minimum and maximum value of the equatorial radius, bmin and bmax,
as was done for the cylinder model with L and d. For prolate ellipsoids
and for linear PVAc, amax was taken as half the fully extended length,
Lmax/2 where Lmax is that defined for the rod molecule of the linear
PVAc. While for the 4 arm PVAc, amax was taken as the fully extended
length of one arm, Lmax/2 where Lmax is that defined for the rod
molecule of the 4 arm PVAc. Again, bmin was a little harder to define or
estimate and was taken here as ∼0.5 nm for the linear PVAc and
∼1 nm for the 4 arm PVAc. Note that defining amax and bmin in this way
is expected to give an ellipsoid that is too small compared to the rod
model [9] which was observed for the line for RH, eq A (calculated from
Eq. (11)) being at slightly lower values than the corresponding one for
the rod molecule. A better choice for bmin is possibly 1.37(dmin/2) [9].
For oblate ellipsoids the crude approximation of planar spirals was
again used, as was done for the disc shape. amin was taken as Lmin/2
and bmax was taken as equivalent to dmax/2 where Lmin and dmax are
those defined for the disc shaped molecules.

The shape factors chosen here were for simplicity, so that ‘limits’ of
the aspect ratio could be assumed but other shapes, such as dumbbells
or bent/hinged rods, may be better suited for calculating the
hydrodynamic radius of a star polymer but are beyond the scope of
the present paper. A discussion concerning other hydrodynamic
models is given by García de la Torre and Bloomfield [9].

4. Conclusions

Hydrodynamic radii and scaling relations were found for synthesised
linear and 4 arm star PVAc in deuterated chloroform at 25 °C. While the
results showed typical scalingbehaviourobserved forpolymer solutions it
was noted that the star polymers had slightly higher hydrodynamic radii
than the linear equivalents with increasing molecular weight when they
were calculated using the spherical molecule assumption. Other Perrin
factorswere applied to thedata for different aspect ratios, thesewere rods
(cylinders with pN1), discs (cylinders with pb1), prolate and oblate
ellipsoids. If the 4 arm star polymer had a different aspect ratio and/or
shape factor compared to the linear equivalent then the calculated
equivalent hydrodynamic radii may be less than that of the linear, of
course the opposite could also be the case. The results for the cylinder and
ellipsoid shapes were identical as expected from the similarity of the
shape factors for the same aspect ratios. Simple (and crude) molecular
weight dependent aspect ratios were considered and the line defined by
these showed where the hydrodynamic volume exceeded the simplified
molecular volume. The effects of polydispersity were not taken into
account in the present study and a more complete consideration may
include the effects of this as well as more realistic molecular shapes.
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