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The orientational distribution function of the nematic phase of suspensions of the semiflexible rodlike virus
fd is measured by x-ray diffraction as a function of concentration and ionic strength. X-ray diffraction from a
single-domain nematic phase of fd is influenced by interparticle correlations at low angle, while only intrapar-
ticle scatter contributes at high angle. Consequently, the angular distribution of the scattered intensity arises
from only the single-particle orientational distribution function at high angle but it also includes spatial and
orientational correlations at low angle. Experimental measurements of the orientational distribution function
from both the interparticléstructure factorand intraparticléform facton scattering were made to test whether
the correlations present in interparticle scatter influence the measurement of the single-particle orientational
distribution function. It was found that the two types of scatter yield consistent values for the nematic order
parameter. It was also found that x-ray diffraction is insensitive to the orientational distribution function’s
precise form, and the measured angular intensity distribution is described equally well by both Onsager’s trial
function and a Gaussian. At high ionic strength, the order pararBetethe nematic phase coexisting with the
isotropic phase approaches theoretical predictions for long semiflexibleS:e@s55, but deviations from
theory increase with decreasing ionic strength. The concentration dependence of the nematic order parameter
also better agrees with theoretical predictions at high ionic strength indicating that electrostatic interactions
have a measurable effect on the nematic order parameter. The x-ray order parameters are shown to be propor-
tional to the measured birefringence, and the saturation birefringence of fd is determined enabling a simple,
inexpensive way to measure the order parameter. Additionally, the spatial ordering of nematic fd was probed.
Measurements of the nematic structure factor revealed a single large peak in contrast to nematics of rigid rods.
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I. INTRODUCTION whether a system is described by Onsager’s theory.
In this paper, we measure the concentration and ionic
The role of repulsive interactions in determining the phasestrength dependence of the orientational distribution function
behavior of colloidal rods was explained by Onsager in hisof fd virus via x-ray diffraction. The fd virus is a charged
seminal paper published in 1949]. Onsager developed a semiflexible rod with a lengt. to diameterD ratio L/D
free-energy theory at the second virial level describing the_130 and a length to persistence lengihratio of L/p
phase transition of both hard and charged rods from an iso= 4 |5 the Onsager limit, the electrostatic charge on the

tropic phase in which the particles are randomly oriented to 3ods can be taken into account theoretically by defining an

nematic phase, in which the orientation of the .partlcles. Seffective diameteD ¢, larger than the bare diameter, which
distributed about a preferred direction. All theoretical predic-. . . .
. . : o is approximately equal to the distance between particles
tions for the properties of this phase transition, such as the

coexistence concentrations and the nematic order parametg\men.the |_nteract|on poter_mal IS abokgT. D_eta|Is of the
depend on the functional form of the orientational distribu-ema,Ct'\/e dlar‘.neFer .calculatlon are 0““'”69' n Rdj:B.,B_,Q].
tion of the rods in the nematic phakd. Onsager chose one An increase in ionic strength of the §o|ut|on pontglnlng the
test function and in a later review paper Odijk showed thatharged rods produces a decrease in effective diameter. In
qualitatively similar results for the properties of the phase©Onsager’s theory, the limit of stability of the isotropic phase
transition can be found by choosing a Gaussian test functiol§ Predicted to bemnDegL?/4=4, wheren is the number
[2]. The exact form of the orientational distribution function density[4]. This is predicted to be valid for long rods with a
that satisfies the Onsager theory can be obtained via serié@ngth to effective diameter ratio greater than 100]. Pre-
expansior[3—5] or by direct iterative methods,7]. Deter-  vious measurements of the isotropic and nematic coexistence
mining the orientational distribution function of the nematic concentrations of fd agree well with numerical results from
phase of a colloidal rod system is the most sensitive test o€hen forL/p=0.4[8]. Theoretical models suggest that semi-
flexibility acts to significantly lower the nematic order pa-
rameter at coexistence. For fd, a relatively rigid polymer
*Present address: Max-Planck-Institut'r fuMetallforschung, — with p/L equal to 2.5, the nematic order parameter at coex-
Heisenbergstrasse 1, D-70569 Stuttgart, Germany istence is predicted to b&=0.55, which is significantly
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smaller than that predicted for rigid rod3=0.79[11]. Sev- At low g, the scattered intensity is dominated $¢q),
eral review articles describe in more detail the theoreticabnd the angular distribution of the interparticle interference
and experimental aspects of this and other systems describg@atter is influenced by the angular and spatial correlations
by Onsager’s theory and its extensions to treat flexibilitybetween neighboring rods. When intraparticle interference
[2,10,12-18 scattering is absent or too weak to interpret, as in thermotro-
In x-ray diffraction, the scaEtered intensity consists of twopic liquid crystal system$21], or the system of lyotropic
parts, intraparticle scatteF(q) and interparticle scatter vanadium pentoxide (MOs) [18], x-ray investigations of the
S(q). The intensity can be written as a product of the twonematic orientational distribution rely on measuring the an-
types of scatter, gular distribution from interparticle interference scattering.
In this case, one does not calculate the single-particle orien-
> SN (R tational distribution function, but instead the coupled fluctua-
(@) =NF(@)S(@.f(a)), @ tions of neighboring rods; this is predicted to overestimate
- i ) i , , the value of the nematic order parameter for highly ordered
whereq=4msin(@/2)/\ is the thrfe-dlmen5|onal reciprocal sampleg21,22.
vector in cylindrical coordinates|=(q,,d,,¢). O is the In this paper, we explore the behavior of the nematic
angle between the incident and reflected x-ray beams qhase of fd virus investigating the concentration and ionic
wavelength\. In a uniaxial nematicq, is perpendicular to  strength dependence of the spatial and orientational ordering
the nematic director and the scattered intensity is indepenmeasured from both interparticle and intraparticle diffraction
dent of the azimuthal angl¢ about the director. If the sys- data. We present measurements of the orientational ordering
tem is oriented such that the nematic director is in the of the nematic phase in coexistence with the isotropic phase
direction, q can be described b§=(qr .0,). The intrapar- @S @ funqtic_)n of ionic str.eng.th and compare the results with
S ~ L : the predictions for semiflexible rods. Previously, measure-
ticle interference, or form factdf(q), contains information . ) L . :
R _ - ments of the orientational distribution function of a nematic
about the structure of the individual particléq(q) can also  phase have been made either from form factor scatter as in
be written ag f(q)?), wheref(q) is the Fourier transform of work done by Oldenbourgt al.on TMV [20] and work done
the electron density of a particle and the average is over alby Grootet al. and Kassapidoet al. on persistence lengthed
the particles and their orientations. The interparticle interferDNA fragments[17,23 or from structure factor scatter as in
ence, or structure fact®(q), contains information about the the work done by Davidsomt al. [18]. Using fd as our
positional and orientational correlations between particlesmodel rod allows us to measure the orientational distribution
The structure factor depends on the positions of the centeféinction from both intraparticle scattering and interparticle

of gravity of two scattereréi,ﬁj and their relative orienta- nterference sca.ttering. This permits us to expe_rimentally re-
tions[19]: solve the question of whether or not correlations between

angular and spatial order present in interparticle scatter in-

N i fluence the measurement of the order parameter. By measur-
S(@)=1+ _ E eid(Ri—ﬁj)fi(a)fj(a) . (2) ing the birefringence of each sample, we also determined the
NF(q) \i#] saturation birefringence of fd. This permits measurements of

the order parameter to be taken using birefringence methods
The orientation of the particles is included iGq) and the that involve much simpler and inexpensive techniques than
average - - -) is over all particles and their orientations. For X-ray diffraction.

scatterers of isotropic shapfa(ﬁ)=f;(ci) and the structure This paper is organized in the following manner. In Sec.

factor and the form factor decouple, but for anisotropic scat—”’ we describe the virus system an_d the experlmen_tal mgth—
ods. In Sec. lll, qualitative observations about the diffraction

terers, fi(q) # f;(q) unless the particle orientations are the y,a are made. This is followed by a description of the analy-
same. Therefore, in contrast to scatter from spheres, thgs technique used to extract the orientational distribution
structure facto5(q) of rods cannot, in general, be decoupledfunction from the diffraction data in Sec. IV. Quantitative
from its anisotropic form factoF (q). measurements of the nematic spatial ordering and orienta-
In a nematic system, however, there is no long rangedional ordering are presented in Sec. V. This section includes

translational order. As a resul(q) approaches unity in the first a section describing the measured spatial ordering and

limit of high d, and ifS(q) =1, the scattered intensity is due then sections presenting the measured orlentatlongl distribu-
tion function and the order parameter of the nematic suspen-

only to the intraparticle interference diffraction anfd)  sjons of fd. Section VI summarizes the significant results of
=F(q). In this regime, the angular distribution of the scat- this paper.
tered intensity is a function only the single-particle orienta-

tional distribution function. Due to the crystalline internal

structure of viruses such as fd and tobacco mosaic virus

(TMV), x-ray diffraction produces a complex pattern of in-  The physical characteristics of the bacteriophage fd are its
traparticle scatter at higﬁl which can be used to measure the lengthL=880 nm, diameteD =6.6 nm, persistence length
single-particle orientational distribution function of the vi- p=2200 nm, and charge per unit length of around 10en
ruses[20]. at pH 8.2[15]. When in solution, fd exhibits isotropic, cho-

Il. MATERIALS AND METHODS
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lesteric, and smectic phases with increasing concentratiorray diffraction patterns from the samples were collected
[24-27). The fd virus was prepared using standard biologicalith increasing x-ray exposure time to quantify sample dam-
protocols found in Ref.28] using the JM101 strain d&. coli  age and its effects on the scattering pattern. The polarizing
as the host bacteria. The standard yield-i50 mg of fd per  microscope revealed sample changes aftérs of exposure,
liter of infected bacteria, and virus is typically grown in but the angular spread of the diffraction peaks was not af-
10-12 liter batches. The purified virus was extensively diafected until exposure times increased above 10 s, at which
lyzed against a 20 mM tris-HCI buffer ggH 8.2 and the point the angular interference peak scatter broadened signifi-
ionic strength was adjusted by adding NaCl. cantly. The effect of exposure far£10 s on the calculation
X-ray diffraction was done at the SAXS station on beam-of the order parameter was not measurable. Data was col-
line 8-ID at the Advanced Photon Source at Argonne Nadiected for the interparticle interference scatter by averaging
tional Lab. The beam flux is 210 photons/s for a ten 10 s exposures taken at different<380 um sections. To
50X 50 um beam with a photon energy of 7.664 Ke¥ ( observe the much less intense intraparticle scatter, the sample
=1.617 A). The samples were a suspension of monodiswas continuously moved through the 660 um beam al-
perse fd in the cholesteric phase, sealed-i0.7 mm diam- lowing for a total exposure of 120 s. A single long exposure
eter quartz x-ray capillaries. Cholesteric samples were unwas used to image intraparticle scatter as it resulted in less
wound and aligned in a 2 T permanent magf®AM-2  noise than multiple short exposures because readout noise on
Hummingbird Instruments, Arlington, Massachusetts 02474the charge-coupled devig€CD) detector was higher than
[29], forming a single-domain nematic phase parallel to thethe dark current. Readout noise and solvent scatter were sub-
long axis of the capillary and the magnetic field, which wetracted from data images during analysis, but over ghe
will call z. The free-energy difference between the cholesfange that was analyzed, this background scatter was very
teric and nematic phases is negligible, and the theory of théniform and could be approximated as a constant.
phase behavior of the isotropic to nematic transition can be

applied equally well to the isotropic to cholesteric transition IIl. OBSERVATIONS
observed in fd8]. The magnetic field does not have a sig- _ _ _ _ _
nificant effect on the ordering of the nematic phf3@e—32. The two-dimensional scattered intensity of low angle in-

Samples had to remain in the magnetic field for a minimunerparticle and high angle intraparticle interference peaks are
of 15 min at low concentrations and a maximum of about 8shown in Fig. 1 for concentrations spanning the range over
h at the highest concentrations. The strength of the magneti¢hich fd is nematic at 10 mM ionic strength. The angular
field limited the maximum concentration at which we could spread of both types of scatter broadens with decreasing fd
unwind the cholesteric phase into a monodomain nematic toncentration or increasing ionic strength corresponding to
about 100 mg/m[27]. an increase in disorientation of the rods. The low angle struc-
To view the liquid crystal with a polarizing microscope, ture factor peak exhibits a typical “bowtie” pattern charac-
samples were placed in an index matching water bath téeristic of interparticle interference, half of which is shown
correct optical distortions produced by the cylindrical capil-Py the data in Fig. () (the other half is symmetric about the
lary. This was done while the samples were within the magorigin) [34]. The maximum of the scattering vecigy of this
net in order to maintain the sample as a monodomain nenintense structure factor peak is inversely proportional to the
atic. Alignment of the nematic sample was checked with thedverage interparticle separation, and the radial width of the
polarizing microscope, and using a Berek compensator, Peak is inversely proportional to the correlation length of the
its 0ptica| retardance was measured. By measuring the Opﬂnteracting rods. We note brlefly that the observation of a
cal retardanc&? and the sample thickness within the capil- structure factor peak in our system of fd and in other lyotro-
lary d, we can calculate the sample birefringendm pic liquid crystal system$18,20,23 contradicts theoretical
= R/d Birefringence iS measured because it is a Simp'e Wapredictions by van der SChOOt a.nd CO-WOI‘keI‘S Wh|Ch pl‘ediCt
to determine the nematic ordering of a sample as it is equdhat the angular dispersion of nematic rods should destroy
to the nematic order parametBitimes a constanng, in-  SPatial order{35,36. At larger scattering angle, the zeroth
trinsic to the sample materif83]. In this systemAngyis the ~ and *first fd layer lines are visible as shown in FiglbL
saturation birefringence of perfectly aligned fd, the value ofThese intraparticle peaks are much less intense than the in-
which we have measured and report in Sec. V. terparticle interference peaks and are the result of single-
The magnet and Sample were then mounted in a Vacuuﬂarticle scatter ariSing fr0m the helical paCking Of the Viral
chamber such that the sample was in the beam line, and theoteins. The layer lines occur at intervals along hdirec-
magnetic field was perpendicular to the incoming beam. Tdion proportional to the reciprocal of the axial repeat of the
observe the effect of charge on the nematic phase, sampléslical protein coat, which is 33 f37]. Due to discrepancy
were prepared at different concentrations and ionic strengthg both intensities and scattering angle between the interpar-
The fd concentration was measured with a UV spectrometeticle and intraparticle scatter, we were unable to image both
by absorption at 269 nm with an absorption coefficient ofthe high and low angle scatter simultaneously.
3.84 cntmg L. Due to the short ranged positional order in the nematic
When the solutions of fd were exposed to x rays for ex-phase, these intraparticle interference peaks should be inde-
tended time, disclination lines that matched the pattern tracependent of interparticle correlations. We confirmed this hy-
by the beam could be seen with a polarizing microscopepothesis by observing that the location of the peaks does not
Since our samples were exposed for varied times, a series ohange with concentration as do the interparticle peaks. We
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dent of interparticle correlation$(q,,q,)=1. We have
demonstrated above that this is true for fd. In this case, the
intraparticle scattered intensity of a system of rods is related
to the orientation of those rods in the following manner
[20,41]:

I(qerZ):<|s(qr7qz)>:J D (Q)ls(a[Q],09Q])d,
3

where() is the solid angle 4, ¢) a rod makes with respect to
the nematic directo® and azimuthally with respect to the
incident beanmp. Since fd is axially symmetricp (1) sim-
plifies to ®(0). 14(q,,q,) is the axially symmetric three-
dimensional form factovf((i)2 of a single rod.®(0) is the
orientational distribution functiodfODF) of the rods. Since
the form of the ODF is not known exactly, three test func-
tions were used,

\ -0.0 -0.3L.L0 a3 g 2
(%T_y 0 605 01 0 02 odA A expi — 0_> (0<O<m/2)
a. b. 2

2

a
y ®(6)= , @
FIG. 1. Contour plots of scattering as a function of scattering Aexi{ _ (m—6) ) (m2< <),

vectord (A1) from nematic fd due to@) interparticle scatter 2a?
and (b) intraparticle scatter; the zeroth and first layer lines are
shown in(b). The interparticle scatter shown (a) is hidden behind i{ (sin 0)2
the beamstop ifb) which is located on the left side of the images. d(o)=Aexp — > ) (O=o0=m), 5)
From top to bottom, the concentration of the samples are 93 mg/ml, a
33 mg/ml, and 15.5 mg/ml. Samples shown are at an ionic strength
of 10 mM (20 mM tris buffej and pH 8.2. The magnetic field and a cosha cosh)
virus orientation are perpendicular to the scatter as shown in the ®(0)= P r— (Oso=m), (6)

schematic ¥ is the angle from the equator on the detector film.

Note the scales are different (&) and (b). wherea sets the width of each of the peaked functions, and

also compared our data to published fiber diffraction resultd\ is the normalization constant such thfab (6)sin(6)dod¢

for M13 [38,39. M13 is also a filamentous bacteriophage, =1. Equation(6) is normalized. The first ODF is the Gauss-
which differs from fd by only one amino acid per coat pro- ian used by Odijk 2], the second is the function used by
tein: their structures are otherwise identical and virtually in-Oldenbourget al.[20] in their study of diffraction from nem-
distinguishable by x-ray fiber diffractio@0]. Upon compar-  atic TMV, and the third was defined by Onsager. The second

ing published fiber diffraction data with our data from moment of the orientational distribution function, or the
nematic fd, we observed that they were similar, but that theyematic order parameter

fiber diffraction patterns had Bragg peaks due to the hexago-
nal packing of the virus in the fiber, which were absent in our -
nematic diffraction data. We also noticed that the horizontal S=27ri
location of the single-particle peaks in the fiber diffraction 0
was 4% larger than the location of our solution diffraction . ) ) S )
peaks indicating that the fiber diffraction was done on virusWas determined for the orientational distribution functions
that had a smaller diameter than those in our nematitvhich best described the diffraction patterns.
samples. The fibers are partially dehydrated, so it is not sur- The scatter from intraparticle interference was analyzed
prising that they become compressed. The layer line spacindpy comparing it to a simulated scatter created from the
however, was not altered indicating that no stretching of theevaluation of Eq(3) using a three-dimensional model for the
virus occurs in the fibers. From these observations, we corsingle rod form factor and a trial ODF. Previously, Olden-
cluded that the high angle scatter from the nematic fd wagourg et al. measured the ODF from the intraparticle inter-
independent of interparticle correlations. Detailed analysis oference scatter of TMV by simplifying Eq3) to a one-
both the interparticle and intraparticle diffraction continuesdimensional integral at a constamf, [20]. This one-
in the following sections. dimensional method could not be used for intraparticle fd
scatter because fd has a protein coat with a pitch much larger
than that of TMV, 33 A versus 23 A, respectively, resulting
Due to the short ranged positional order of the nematidn layer line overlap at low concentrations. Instead, the radial
phase, the high angle scattered intensity should be indepemtensity distribution of single rod was modeled [#1]

3 1
Ecoé( 0)— E) ®(6)d cog 6) (7

IV. ORIENTATIONAL ANALYSIS TECHNIQUE

031708-4



MEASURING THE NEMATIC ORDER OF SUSPENSICOH. . . PHYSICAL REVIEW E 67, 031708 (2003

_ 0.16

1§(0r ,02) = (0l ,0) V27 aq, (8) 00393 rng/ml_p ) /\93 mg/ry
|, are the scattered intensities along the middle of the zeroth '_ 5020,
and =+ first layer lines of our most aligned nematic sample 00 TS S tadus (A —
S=0.96 and Gaussian=0.11 as determined by the inter- 008 78 mg/mli — 4| 78 mg/ml
particle interference peak. The intraparticle interference £ o004 _ (%'
data that fell on the detector in the range of o —
=0.19-0.33 A1, which encompasses the lowestpeak on 0. 39 mg/ml 0 39 mg/ml
each of the three layer lines visible in the interference pat- O'Mk 2 /\
tern, was fitted to the model diffraction images. For each Ty
diffraction pattern, arx was found for each trial distribution 0.0 0005 030 00.0 005 010
function that minimized a computeg-squared value, a. Qr[A1] b. Qr[A1]

X2:2i [(Idatai_B)+C|mode|]21 (9) FIG. 2. (a) Equatorial intensity profilé(q,) and(b) equatorial

structure factorS(q,) for three representative samples at 10 mM

ionic strength ancpH 8.2. The smaller inset graph is the binned
where B and C are fitting parameters andsums over the cylindrically averaged electron densjtyused to calculate the equa-
pixels in the scattered imagB.was calculated once for each torial form factor shown as a dashed line. The deviation of the
scattered image, and was not adjusted when comparing digtructure factor from one at hig is due to both background noise
ferent ODF’s. For more details of the model and analysis ofn I(q,), which hides the actu_al form factor, and a loss of accuracy
the intraparticle diffraction images, refer to Appendix A, in the model form factor at high, .

Tp measure the orientational distribution function from g approximation is only qualitatively correct at highand
the interparticle peak, the method of Oldenboet@l. was  ihat the presence of background noise in the interparticle
used because the scatter consists of only one peak. In thififraction data hides any higly, form factor information. At
method, Eq.(3) simplifies to a one-dimensional integral at high concentrations, the scattered intensity is much stronger
constanty, . This method is identical to that frequently used than the readout noise and as a result we are able to analyze
for analyzing thermotropic interparticle scatter, with the ex-the structure factor data to highgy than at low concentra-
ception that Oldenbourg’s method approximates the singl&ons.
rod scattering)s({2), as being proportional to 1/siaj for The g, and Ag,, measured are plotted as a function of
small 6. In this equationw is the angle between the rod and concentration for two different ionic strengths in FigaB3
the incident beam. This is in contrast to other analysis don#&Vith increasing concentratioq, the average rod separation
on interparticle interference, in whidh(Q)=1 [21,22,43.  decreases as 2 (q,=c?) as expected for both isotropic
The 1/sin) proportionality attempts to include finite size of and nematic suspensions of rdd$,23. At a given concen-
the rod into the calculation of the ODF. For more details,tration, the rod separation remains constant and the variance
refer to Appendix A. increases with decreasing ionic strength. The electrostatic re-
pulsion present between the rods causes the rods to maintain
the maximum separation possible, but a smaller effective di-
V. EXPERIMENTAL RESULTS AND DISCUSSION ameter at high ionic strength allows for more fluctuations.
The number of rods per correlation lengfh/Aq,, is plotted
] ] o as a function of concentration in Fig(l8. The concentration
The Iocamon of_ the maximung, of the first interference dependence of,,/Aq,, is much more significant at 10 mM
peak and its radial width\qy,, were measured along the jonic strength, than at 110 mM, indicating that at high ionic
equatorg,=0 in order to obtain information about the spatial strength, the rods are less correlated.
ordering of the system. Since we are only analyzing data | s interesting to note that the second interference peak is
along the equator, these properties can be determined by diych weaker than the first interference peak indicating a
viding the equatorial form factdf(q,,0) from the scattered |5rge Debye-Waller factor. This is in contrast to charged 3D
intensity peaksl(q,,0) and then by fitting the remaining spherical and 2D disk systems which show a much stronger
structure factor peakS(q,,0) to a GaussianS(q;,0)  second, and even a third interference petk46. The struc-
—e (am-)*20am* 35 done in Ref.[43]. 1(g,,0) and ture factor of nematic fd also contrasts that of nematic end-
S(q,,0) are shown in Fig. 2 for three different samples.to-end aggregated TMV, a very rigid rod, which has a struc-
The equatorial form factor scatter was approximated by theéure factor closely resembling that of the 2D disk systems
Fourier transform of the known equatorial projection of the[43]. One way to interpret the large and sharp first peak in
cylindrically averaged electron density of fd4]. The elec- the structure factor of fd is that flexible nematic rods have
tron density was approximated by binning the radial electroiong range spatial correlations similar to a dense fluid of
density into ten sections as illustrated in the inset of Figdisks. However, the near absence of secondary peaks in the
2(a). The location of the equatorial peaks produced by thestructure factor implies that fd particles have a greater degree
Fourier transform of the electron density agree with theof positional disorder about their average position than do
equatorial form factor data obtained at higher angle, but thelisks. Perhaps, the flexibility of fd accounts for this dramatic
increase iNS(q,,0) at highg, shown in Fig. 2 indicates that difference in spatial organization.

A. Nematic spatial ordering
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ol @ 10mM v 5200793 mg/mi 3[93 mg/m|
v 110 mM v §100- 0
j= 3l
e 003 ] i
o™ H . 0 a0 1
& 5 T > [33mg/mi 02l 33mg/ml .
<8 om ] ‘B 4r '
o %% po g (72}
0.02- 44 , B8a, q-
20 40 60 80 100 5 0.0
. . Concertration [mg/mi] c H
20 40 60 80 100 - ol 0.2} H
a. Concentration [mg/mi] T 0 1
— 8115 mg/ml,,
2l o 10mMm o g
. @ ,
0 v 110mM . ]
a 1 g ol
£ 8} o - . . . . . .
o . 40 i 0 1
6} oo ; ¥ (radians) ¥ (radians)
: a. b.
4+ oL .
i vy | FIG. 4. (a) Angular intensity scan at, =0.07+0.001 A" from
2l i i J the three diffraction patterns shown in Figalwith best-fit curves
N \ N : . 1 N 1 calculated from the three trial ODFs. The solid fit line represents the
20 40 60 80 100 fit of both the Gaussian and Onsager ODFs, the dotted line is the fit
b. Concentration [mg/m|] of Oldenbourg’s ODFb) Residue [44:a— I it) plot. ¥ is illustrated

in Fig. 1(a).

FIG. 3. (a) The concentration dependence of the maximymn
of the interparticle interference peak. The average rod separation b’lotted in Fig. 4a) with the best-fit model intensities for each
a distance of 2/q,, A. The equation of the curve fitted to the of the three ODFsV is the angle from the equator on the
combined data sets i,=0.004"% The inset graph shows con- getector film as illustrated in Fig.(4). The actual best-it
centration dependance of the variance of the interference peak§jontational distribution functions calculated from these in-
AQy . (b) The concentration dependancedpf/Ady, the number oo icle angular scans are shown in Fig. 5. The residues
frfafﬁspg) ;?gi?tl'gg rls&gitgﬁifg?rirndgtg(:&aé 210 mM and  .5jcylated from the interparticle and intraparticle interference

9 9 o results for the three samples are illustrated in Figb) 4nd

6(c), respectively. The intraparticle scatter residues shown
are for the scattered intensity shown in Figa)éminus the

By examining they? values obtained from orientational model images shown in Fig(l) created with the Gaussian
analysis(Sec. IV of the interparticle and intraparticle scat- ODF. The intraparticle model scatter produced relatively uni-
ter, and the residuesgs-11i;) from the interparticle scatter form residues indicating that it was a qualitatively good
orientational analysis, we determined that analysis of x-raynodel. In two dimension$Fig. 6(c)], we were unable to
diffraction data does not yield a unique orientational distri-distinguish differences between residue plots of ODFs of the
bution function. The Gaussian and the Onsager distributiosame width, therefore residue analysis was limited to the
function each fit the intensity data equally well when com-interparticle scattefFig. 4(b)].
paring residues ang? values from each of the two func- At high concentration, small systematic disagreements be-
tions. However, we were able to eliminate Oldenbourg’s distween the best-fit models and the data are most visible in the
tribution function from the possible ODF forms because itresidue plots in Figs. ) and Gc), but each of the three
did not accurately model the tails of the diffraction data atmodels and their respective ODFs are nearly indistinguish-
low concentration. This insensitivity of x-ray diffraction to able. Except at low concentration, the best-fit model intensi-
the exact form of the ODF was predicted by Hamley whoties obtained from the three distribution functions cannot be
showed that x-ray patterns are insensitive to higher-ordedistinguished from one another both by analyzing residue
terms in the spherical harmonic expansion of the orientaplots and by comparing minimung? values computed from
tional distribution function and therefore only an approxima-the fitting routine. At low concentration, the systematic dis-
tion to the full orientational distribution function can be agreements between the data and the fits are lost in the noise,
found[47]. but disagreements in fits from different ODFs become vis-

To demonstrate this assertion, the scattered interparticlible. The best-fit model intensities from the Gaussian and
intensity at a constant radius af,=0.07+0.001 A™! is  Onsager ODFs are indistinguishable, but the residues from

B. Determining the nematic orientational distribution function

031708-6



MEASURING THE NEMATIC ORDER OF SUSPENSIOHN. . . PHYSICAL REVIEW E 67, 031708 (2003

8 computed from the Oldenbourg ODF were also consistently
=== Oldenbourg S=0.97 . o .
6l o S-097 ] higher. From these qualitative observations, we argue that the
S 4l gers=ns ] distribution function used by Oldenboueg al. does not de-
X — Gaussian $=0.97 . . . .
S ol 1 scribe our diffraction data as well as the Gaussian or the
ol Onsager distribution function at low concentrations. The
00 70 Gaussian and the Onsager orientational distribution functions

0.5 ) . .
0 (radians) fit the diffraction data equally well.
Due to small differences in the trial orientational distribu-

=== Oldenbourg S=0.89 |

20} tion functions(as illustrated in Fig. b best-fit ODFs vary
= | :ggﬁ;"g’o slightly in their width, and subsequently returned slightly
4 1.0 e different order parameters; but the order parameters calcu-
i lated from the best-fit Gaussian and Onsager ODFs were in
0'(())-0 1'0 agreement with one another for a given sample within the

experimental uncertainty oAS/S<6%. Order parameters
calculated with the Oldenbourg ODF were in common agree-
ment at high concentrations, where the model scatter agreed

05
8 (radians)
061"%~, === Oldenbourg S =0.62

~ 04f _823233;53;"6‘25- with the data. The nematic order parameter calculated at
% 02 multiple g, across interparticle peak also remained relatively
’ constantAS/S<=4%. Since we cannot distinguish between
0.(())-0 1-0 the Gaussian and the Onsager model scatter, the order pa-

05 rameters to be presented henceforth are an average of the

0 (radians) ,
values calculated from only the Gaussian and the Onsager

FIG. 5. Orientational distribution functions calculated from the ODF, and the uncertainty on the values given are a combi-
interparticle angular intensity scan at constant radiiss0.07  nhation of experimental error and uncertainty due to variation
+0.001 A~ shown in Fig. 4b). Gaussiarithin solid lin@, Olden-  in order parameters from two trial ODFs.
bourg(dotted ling, and Onsage(thick solid line ODFs are shown.
Order parameters shown are calculated from each ODF. Fromtop to  C. Concentration and ionic strength dependence of the

bottom, the concentrations of the samples are 93 mg/ml, 33 mg/ml, nematic order parameter
and 15.5 mg/ml. The ionic strength of the samples is 10 mM and . .
pH 8.2. The concentration dependence of the nematic order pa-

rameters was measured from both the interparticle and intra-

the Oldenbourg ODF show disagreement, and the fits arBarticle peaks and the resulting values are shown in Fig. 7. In
systematically higher than the background scatter at higffid- 8, the order parameter of the nematic phase in coexist-
angleW¥ . The calculated Oldenbourg ODF also looks signifi-€nce with the isotropic phase is plotted for five different

cantly different from the calculated Gaussian and OnsagdPnic strengths as a function of concentration. The coexist-

ODFs. At the isotropic-nematic transition, the® values €Nnce concentrations are an increasing function of ionic
strength. Our analysis shows that the order parameters calcu-

lated from the interparticle and intraparticle scatter are con-
sistent with one another both as a function of concentration
and of ionic strength indicating that correlations in the inter-
particle peak do not visibly change measured nematic order
parameters. Figure (@ shows data obtained at an ionic
strength of 10 mM and Fig.(B) shows data obtained at an
ionic strength of 110 mM an@H 8.2. With increasing con-
centration, the order parameter increases until it saturates
nearS=1, and at constant concentration, the nematic order
parameter decreases with increasing ionic strength. At low
concentrations, the scattered intensity is spread over a large
area due to the broad orientational distribution function,
which leads to a large decrease in the signal to noise ratio
increasing the variation in the calculated order parameters to
a maximum ofAS/S<10%. The solid line theoretical curves

FIG. 6. (a) Contour plots from Fig. (b) of scattering from nem-  Shown in Fig. 7 were computed from a scaled-particle theory
atic fd samples due to intraparticle interference. Bottom scatter is dhat includes semiflexibility in the orientational entropy and
15.5 mg/ml and top is at 93 mg/ml. Samples were at 10 mM ionicelectrostatic interactions by way of Onsager’s effective diam-
strengthpH 8.2. (b) Simulated intraparticle scatter using a Gaussianeter. This calculation is outlined in detail in Appendix B. For
ODF that best fit the intraparticle scatter showr(an (c) Residue ~ comparison, we also include as a dotted line the concentra-
(Igata—it)/1 sir plot. Maximum residues ir(c) are =10%. The tion dependence of the nematic order parameter from Onsag-
axes of the plots are labeled in inverse angstroms. er’s theory for charged rigid rods at the second virial level as

0.

0.0

0.3

-0.
0.0

031708-7



PURDY et al. PHYSICAL REVIEW E 67, 031708 (2003
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06} i
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a. Concentration [mg/mi] 20 ]
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. 0.5 06 0.7 08 0.9 1.0
* ]
09t s . S
08l l FIG. 9. Comparison of measured birefringerice/c to the de-
» I= 110 mM duced x-ray order paramet& Open shapes are from intraparticle
o7k interference peak measurements. Closed shapes are from interpar-
ticle interference measurements. The equation of the fitted line is
06k An/c=(3.8+0.3)S—(0.11+0.19), where An/c is in units of
. . . . . 1075 ml/mg.
0 20 40 60 80 100
b. Concentration [mg/m]

agree with our data indicating that though our rods are fairly

FIG. 7. Concentration dependence of the nematic order paranfigid, flexibility significantly changes the concentration de-
eter.(a) is at 10 mM, andb) is at 110 mM ionic strength anpH pendence of the nematic order parameter. However, our re-
8.2. SquaresM) are from the interparticle interference peak, and sults qualitatively agree with the scaled particle theory at low
open circles Q) are results from the intraparticle peak. The solid ionic strength, and quantitatively agree at high ionic strength.
lines shown are for a scaled-particle theory for charged semiflexibl®eviation of the scaled particle theory from experimental
rods described in Appendix B. Dotted lines are theoretical curvesesults at low ionic strength is most likely due to using the
for charged rigid rods in the Onsager moge]. effective diameter approximation to incorporate electrostatic

interactions between the particles. This approximation is also
calculated by Led7]. Onsager’s rigid rod theory is only Vvalid only at low concentrations, for which the second virial
valid at low concentrations near the isotropic-nematic transiapproximation holds.
tion, for which the second virial approximation holds, The order parameters calculated from the x-ray diffraction
whereas the scaled-particle theory that takes into accoutata were also compared to birefringence measurements for
third and all higher virial coefficients in an approximate way the whole range of concentrations and these results are plot-
allows for a more adequate prediction of data at higher conted in Fig. 9. Birefringence was measured by the technique
centrations. The Onsager ODF was used in calculating eadgtescribed in Sec. Il. We expeain/c=SAng,/c, whereAn
of these theoretical curves. The rigid rod theory does nots the sample birefringence amthg, is the birefringence of
perfectly aligned fd30,33. We observed that the x-ray order
0.76 —— : . . parameter measurements 8fwere indeed linear with the
birefringence measurementsn/c with a zero intercept.
From this relationship, the saturation birefringence per unit
concentration was measured adng/c=3.8x107°
068k %} | +0.3x 10" ° ml/mg using data from samples at five different
) ionic strengths. PrevioushAng,, was measured by Torbet
] § et al.to beAng,/c=6x10"° ml/mg. This value was calcu-

0.64r ) lated by assumin@=1 for solutions of fd at 16 mg/ml in 10

mM tris-HCI buffer atpH 7.5 in a 2—4 T magnetic fielB0].
0.60 - i At 16 mg/ml, we would expect the nematic order parameter
to be S~0.75 notS=1, which would push the previously
0.56— 5 20 % 0 measured\ng,to a higher value even further away from our
Concentration [mg/ml] measured v_alue. We ha\_/e_no explanatlon as to why the pre-
viously published value is inconsistent with ours.

FIG. 8. Concentration dependence of the order parameter of the FOr long rods, Onsager predicts that the nematic order
nematic phase coexisting with the isotropic phase as determiné@@rameter at coexistence remains constant, independent of
from the intraparticle peakopen circlesO) and the interparticle  ionic strength, but in Figs. 8 and 10, a weak dependence of
peak(solid squared). Increasing coexistence concentration is duethe order parameter with ionic strength is seen. In Fig. 10,
to increasing ionic strengtf8]. The solid line is a linear fit to the the ionic strength dependence of the nematic order parameter
combined sets of data and is presented as a guide to the eye. at coexistence is plotted as deduced from both x-ray diffrac-

0.72 1
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a x-'ray - the c_on_centration of the virus counterions may act to increase

el T the ionic strength. Overall, we expect and observe better
A birefringence agreement with the theoretical predictions for the nematic
1 order parameter at high ionic strength.

0.78 T .

072}

i

0.60

l | VI. CONCLUSIONS

To summarize, we have observed, as predicted by Hamley
l [47], that the method of using x-ray diffraction to calculate
the orientational distribution function is insensitive to the
A details of the form of distribution function used. Neverthe-
0.54 ' - - less, we were able to rule out the function used by Olden-
0 20 ) 40 60 8 100 bourg et al. [20] because we could qualitatively see that
lonic Strength (mM) models created using this function did not fit the data equally
. well at low concentration and at high anglefrom the equa-
FIG. 10. lonic strength dependence of the order parameter of thg, - the detector. The Onsager and Gaussian trial angular
nematic pha§e coexisting with th.e isotropic phase as C.aICUIated Ristribution functions fit the angular distribution of both the
)r;g}gsgﬁgﬂ?&;ﬁaﬁ;ﬁgﬁgﬁm'g_fg;?g;l 2':3 er:e;czg:nng intraparticle and interparticle diffraction peaks equally well
' 9 nd returned similar values for the nematic order parameter.

coexistence order parameters measured from interparticle and intr h tration d d f th fi d
particle scatter at the same ionic strength. The solid line shows th € concentration dependence or the nemalic order param-

order parameter predicted by scaled particle theory for chargeﬁter at high lonic Strength, or Ia_rngeff , as determined
semiflexible rods as in Fig. 7. from both the interparticle and intraparticle scatter agrees
with that predicted by a scaled particle theory of charged
tion and birefringence measurements. The change in ionisemiflexible rods. At low ionic strength, theoretical predic-
strength from 5 mM to 110 mM corresponds tolatD for  tions qualitatively reproduce the concentration dependence
the rods changing from-40 to ~85. As the effective aspect of the order parameter. A similar agreement of the concen-
ratio approaches the long rod limit/D.4>100, the coex- tration dependence of nematic ordering to Onsager’s theory
istence order parameter decreases approaching the theordtas been measured for other semiflexible molecules
cally predicted value 06=0.55, as calculated by Chen for [14,17,23. This similarity demonstrates the universality of
long semiflexible rods with a length to persistence lengthOnsager’s theory and its applicability to charged semiflexible
ratio, L/p=0.4 [11]. Even though the persistence length of systems.
fd virus is more than twice its contour length, and thus can The nematic order parameters derived from both interpar-
be considered fairly rigid, all of our coexisting samples had aicle and intraparticle scatter return similar results, implying
nematic order parameter significantly lower than the Onsagehat it is sufficient to use the easier, one-dimensional analysis
prediction of S=0.79 as measured by both diffraction and of the interparticle interference peak to calculate nematic or-
birefringence. der parameters as has been done for many years for thermo-
To explain the ionic strength dependence of the order patropic liquid crystals. It has also been shown that the rela-
rameter at the isotropic-nematic transition, we turn to electionship between the birefringence and the nematic order
trostatic interactions. Stroobangs al. have shown theoreti- parameter as calculated by x-ray diffraction is linear. From
cally that there is an additional electrostatic twisting factorthis relationship, the saturation birefringence of fd was cal-
that acts to misalign adjacent particles and decrease the nemulated. Subsequently, the order parameter can also be ob-
atic order parameter at coexisterjd8]. This effect scales as tained simply by measuring the birefringence of a sample of
h= k1D, wherex ! is the Debye screening length. The nematic fd and rescaling it by the saturation birefringence.
effect ofh on the coexistence concentrations of the system i§Ve note that the birefringence measurements were less re-
predicted to be smaJB,48] as the nematic order parameter is producible than diffraction measurements as can be observed
predicted to increase 2.4% when decreasing ionic strengtby the large variance in the data points throughout the entire
from 110 mM to 5 mM, whereas we measure an increase ofange of data shown in Fig. 9.
about 15%. Decreasing the ionic strength of the solution is The spatial ordering of nematic fd was also explored. The
also predicted to increase the nematic order parameter by tts¢ructure factor had a single large peak and a much dimin-

H—D>——

I

way of increasing the electrostatic persistence lerdd. ished second peak in contrast to experiments with TMV, a
However, this effect is also predicted to be small as the efrigid rod [43].
fective electrostatic persistence length of fd (2.208 at 10 At high ionic strength, or large effective aspect ratio, we

mM ionic strength is less than 1% larger than the bare per-observed that the order parameter of the nematic phase co-
sistence length (2.2m). Nevertheless, the observed trend existing with the isotropic phase w&~-0.6, close to the

of increasing order parameter with decreasing ionic strengttheoretically predicted value for semiflexible rods and sig-
suggests that electrostatics is significantly affecting the nemaificantly lower than the theoretical value &=0.79 for

atic order parameter. It is also important to note that belowigid rods. With decreasing ionic strength, however, a weak
about 10 mM, the concentration of the virus may begin tosystematic increase in the nematic coexistence order param-
have an effect on the ionic strength of the solution, in whicheter was found. This is consistent with both a decrease in the
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FIG. 11. (a) Schematic of the Fourier space of a single rod tilted at a slight affglé&Schematic showing how the intensity along the
center of the layer lines decreasesgasvhen there is a small amount of angular disorder. Three rod @eescal) are labeled 1,2,3 along
with their corresponding contribution to layer lines 0,lhBrizonta) as shown(c) Schematic showing the effect of the thickness of the form
factor disks on the scatter with changing The right hand image ifc) is an enlargement of the equatorial intersection of the Ewald sphere
andlyg.

twist parametek /D and an increase in the electrostatic functions whose exact form depends on the structure of the
persistence length, though these effects are predicted to tied. When projected onto a screen, these disks are visible as
seven times smaller than observed. In order to fully underlayer lines. The images shown in Figibg show the zeroth
stand the interactions that are producing the nematic phagd = first layer lines. For our model, the radial intensities
diagrams, particularly at lower ionic strength, whénkD o4 of the disks were approximated by the scattered intensities
is small, new theories and simulations need to be developedlong the middle of the zeroth and first layer linesl,, of
which include a more complete picture of the complicatedour most aligned nematic sample times the radiysat

electrostatic interactions. which that intensity is located and the widthof the Gauss-
ian ODF,
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APPENDIX A: X-RAY DIEERACTION In prder to model diffractioln from a.nemati'c phase of fd,
ANGULAR ANALYSIS this S|nglg-part|cle scattered mtepsﬂy is multlplle_d by a test
ODF and integrated over all possible angles of orientation, as
If we assume that we are at sufficiently high scatteringin Eg. (3). The intersection of the resulting three-dimensional
angle, where intensity variations due to interparticle interachematic form factor and the Ewald sphere is then “pro-
tions are negligible, the8(g, ,g,) =1, and we can measure jected” onto a two-dimensional “screen” and a final two-
the orientational distribution function from intraparticle in- dimensional image is created, as shown in FigaliThe
terference by comparing it to a simulated scatter createdhell thickness of the Ewald sphere was chosen to be equal to
from the evaluation of Eq(3). To evaluate Eq(3), a three- the energy uncertainty of the experimental beAB/E=5
dimensional model for the single rod form factafq, ,q,) +1x10 4. The “screen” image is then convolved with the
was developed. Gaussian point spread function of the experimental x-ray
A long rod Fourier transform as a disk of thickness/2 beam on the CCD camera which was approximated as
oriented perpendicular to the long axis of the [80]. Due  exgd —r?/20%] with ¢=0.0063 A%, which is slightly larger
to the helical periodic structure along the long axis of fd, the(6 pixels at 0.00105 Al/pixel) than the photon spread
Fourier transform of a single fd consists of a series of diskguoted by the CCD camera manufactur@rpixels. A series
separated by a distance proportional to the reciprocal of thef two-dimensional images were made for different orienta-
period[51]. This is shown schematically in Fig. (. The tional distribution functions with different amounts of disor-
radial intensity along these disks is a summation of Besseder, examples can be seen in Figb)6 All collected data
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within the range ofq,=0.19-0.33 A'! is fitted to these er’s second virial approximation for very long rodk/D
simulated images to find the ODF that minimized a com-—). The free energy derived by Cotter is

puted y-squared value shown in E@Q). This q range en-

compassed the innermost peak on each of the three layer F(6,¢,@)

=In(¢)+In(1— )+ o (P(a))

lines visible in the intraparticle interference scatter. Nk, T

To measure the orientational distribution function from 5
the interparticle peak, the method of Oldenboatgal. was +T,(8 Q)LJF EH3(5 a)(i)
used. Since we measure the angular spread of only one- Tl-¢ 2 T 1=-9)
diffraction peak, Eq(3) simplifies to a one dimensional in- (B1)

tegral at constan, :
where ¢ is the volume fraction of rods

|(«1f)=f D(0)l4(w)sinw dw, (A2) - -
—D3+—D2L). (B2)

Nrods

Y

6 4

wherel (V) is the angular intensity distribution along an arc

drawn at a constant radiu¥; is measured from the equator The coefficientdI, andII; are given by the following ex-
on the detector film®(6) is the angular distribution func- pressions:

tion of the rods, and is the angle between the rod and the

incoming beam.V¥, ¢, and » are related by co8 3(6-1)?

=cosV sinw. Even though it was originally used for analyz- I15(8,0)=3+ m&(@(a)), (B3)
ing intraparticle scatter, this equation is identical to that used

for analyzing thermotropic interparticle scatter, except that 126(26—1) 126(6—1)2

Oldenbourg’s method includes a term that accounts for the I15(6,a)= + E(@(a)), (BY

length of the rod by defining the single rod scattering as (36-1)° (36-1)?
Is(w)=1/sinw for small 6, wherew is the angle between the ) _ )
rod axis and the x-ray beam as illustrated in Fig(cL1This and parametep‘ is the' overall length over diameter I’?.IIO of
1/sine proportionality comes from the understanding thatt® Spherocylinder given by=(L+D)/D. The functions
the Fourier transform of a rod of finite length is a ring with a §(@) i the excluded volume interaction between two rods as
finite thickness, and a® decreases, 1/sin increases and derived by Onsager,
more of the disk intersects the Ewald sphere and is subse-
quently projected onto the detector screen. _ 215(2a)
. . s fla)=—7—, (B5)

Analysis done on interparticle interference from thermo- sink( @)
tropic liquid crystals typically defineby(w)=1 [21,22,42.
It has been previously shown through calculations that newherel, is a second-order Bessel function. The expression
glecting the angular width when calculating the order paramthat accounts for the rotational entropy of the rods and the
eter from interparticle interference scatter results in inaccuentropy associated with the loss of configurations due to con-
rate values for the nematic order parameterSor0.8[21].  finement of the bending modes of the semiflexible rods in the
However, in our analysis, we observed that changifgom  nematic phase has been derived by extrapolating between the
1/sinw to 1 in the interparticle interference scatter analysishard rod and the flexible chain limif2,55,58. In this paper,
did not have a significant effect on the calculated value of théhe expression obtained by DuRseused for numerical cal-
nematic order parameter, nor did thé values reveal any culations
information as to whichlg better describes the data. We
chose to include the effect of rod length in our interparticle
scatter analysis to be consistent with our intraparticle scatter
analysis, which requires a knowledge of the rod length.

ot o
o a,p =In(a) me 6p(a )

La—-1
+ —2In cosh— ——| |. (B6)
APPENDIX B: SCALED PARTICLE THEORY 1 p

To compare the experimental results for the order param- After the expression for the free energy is obtained, we
eter to the theory, we use the scaled particle expression farse Onsager approximation for the orientational distribution
free energy of hard rods as was developed by Cotter anflinction ®(a) [Eq. (6)] and minimize the scaled particle
co-workers [52,53. The main advantage of the scaled- free energy in Eq(B1) with respect to the parameter to
particle theory is that it takes into account third and allfind the order parameter of the nematic phase at different rod
higher virial coefficients in an approximate way and there-concentrations. To find out the concentrations of rods in the
fore should be more adequate at describing data at conceneexisting isotropic and nematic phases, we solve the condi-
trations above the coexistence concentrations. This theoryons for the equality of the osmotic pressure and chemical
leads to a very good agreement with simulation results fopotential.
the isotropic-nematic coexistenf®4]. We also note that the To take into account the fact the rods are charged, instead
expression for the free enerdlizq. (B1)] reduces to Onsag- of using the hard core diametBrin our calculations, we use
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an effective diameteD o4 [8]. Strictly speaking, this rescal- theory and the experiments is quite satisfactory. It is worth
ing procedure byD . is valid only for densities at which the mentioning that there have been recent efforts to extend the
system is described by the second virial approximationyalidity of the scaled-particle theory to include repulsive in-
therefore, our theoretical prediction has an uncontrolled apteractions, however, this theory was not included in our cal-
proximation. Despite this fact, the agreement between theulations[57,58.
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