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We report on the phase behavior of a model system of colloidal rodlike particles, namely, the filamentous

Jd viruses, in the dense liquid crystalline states. After determining the phase boundaries as a function of the

added salt, we propose a renormalization of the phase diagram accounting for the screened electrostatic

repulsions between the particles through an effective hard-rod diameter. Including explicitly counterion

condensation, we show that our heuristic model captures the main feature of the nematic-to-smectic phase

transition of long hard rods, i.e., its universal packing fraction. The importance of rod flexibility on the

relative stability of the different concentrated mesophases is also demonstrated, evidencing, in particular,
the existence of a smectic-B phase in between the smectic-A and the columnar phases.
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I. INTRODUCTION

Suspensions of colloidal particles self-organize sponta-
neously into different states, displaying phase transitions
that can be driven by entropy alone. Such mesoscopic
particles usually exhibit phase behavior very similar to
atoms or molecules and, therefore, are often considered as
paradigms in condensed matter physics [1-3]. The features
of model system of colloids stem from both the simplicity
of their interaction, which is mainly steric, and from their
ability to be observed at the single-particle level by optical
microscopy [4,5]. In this respect, colloidal particles with
nonspherical shapes (such as rodlike and disklike particles)
have attracted considerable attention because of their out-
standing faculty to form liquid crystals [6—11]. The nematic
state exhibits long-ranged orientational order, while the
smectic and columnar phases additionally possess posi-
tional order in one and two dimensions, respectively [12].
In this study, we explore the phase behavior in the smectic
and columnar phases of highly monodisperse charged rods,
the semiflexible filamentous bacteriophages, fd [5]. We
determine the experimental phase diagram in the regime of
high virus concentrations as a function of the added salt
ionic strength [, and we propose a renormalization of the
phase diagram accounting for the rod electrostatic repul-
sion, where counterions stemming from the viral particles
have to be taken into account via a virus effective charge.
Our results are compared with theoretical predictions and
computer simulations, showing that rodlike viruses behave
nearly as hard rods, even in the highly ordered dense states.
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Such a description of the electrostatic interactions between
viral rods could be particulary relevant for the recently
reported virus-based colloidal membranes [13—15], which
are polymorphic unilamellar self-assemblies reminiscent
of the bulk smectic organization. In the present work, we
evidence two smectic phases, a smectic-A phase and a
newly reported smectic-B phase, and we also investigate
the effect of rod flexibility on the mesophase stability
thanks to a stiffer viral mutant. Furthermore, we show that
the location of the smectic-to-columnar (Sm-Col) transition
is independent of the bending flexibility, in contrast with
the nematic-to-smectic (N-Sm) transition that is strongly
affected by the rod rigidity.

II. THEORETICAL CONSIDERATIONS

Rodlike particles are usually modeled as hard impen-
etrable cylinders of contour length L, diameter D, and
volume vy, = zLD?/4. Driven by a gain in excluded
volume, i.e., by a gain of entropy, they self-organize into
different mesophases by increasing rod density. The first
theory of ordered assemblies of rods with purely hard-core
repulsive interactions was proposed by Onsager to describe
the isotropic liquid-to-nematic (I-N) transition [16]. It
represents a paradigm of a very general class of phase
transitions that are entropy driven [17]. For such systems,
the steric repulsion between pairs of particles evaluated
by the second virial coefficient B, is directly related to
the excluded volume (V) [12,16], where the brackets
account for the average over the particle’s orientational
distribution. For two cylinders, the general expression of
their excluded volume is given by

Vexat = 2L2D|siny| + 2zD?L, (1)

where y is the angle between their two long axes. For a
uniform fluid of N particles in a volume V at temperature 7,
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the particle-particle interaction is expressed through the
excess contribution to the Helmoltz free energy and is given
at the second virial level by [18]

1V
Fex/NkgT = pB, = §7< ZXC1>
0

¢ (2)
where the volume fraction ¢ is related to the rod number
density p =N/V via ¢ = pvy. In the long-rod limit
(L > D), the excluded volume scales as V., o L>D near
the I-N transition, which yields F., « %qﬁ. The phase
diagram is therefore expected to depend only on the
parameter %4’), as rigorously predicted by Onsager for
the I-N transition [16]:

D
N = 42- (3)

In the case of parallel hard rods, and neglecting the rod-
end effect, the excluded volume reduces to Vgxcl x LD?* x,
according to Eq. (1). F 'elx therefore becomes independent of
the geometrical properties of the particles and is only a
function of the rod-packing fraction ¢. In this long-rod
limit and with the approximation of perfectly aligned
particles, the N-Sm transition volume fraction is then
expected to be universal, i.e., occurring at a fixed volume
fraction, ¢ = cst, no matter what the particle size is
[19-21]. For the N-Sm transition, the low-density approxi-
mation becomes poor, and higher-order virial coefficients
have to be added a priori to the free energy. This is usually
done following the Parsons-Lee scheme, which is a two-
body resummation extending the semiempirical Carnahan-
Starling approximation for hard spheres [22,23]. The
second virial coefficient B, is then weighted by a density
prefactor that only depends on the volume fraction ¢: Such
rescaling of the free energy quantitatively improves the
predictions but does not qualitatively affect the result
shown above, i.e., the universal packing fraction of the
N-Sm transition for slender rods. In the literature, the
reduced density ¢{_g, = PN_sm/Pcp Where ¢, = 7/ 23
is the close-packed volume fraction of parallel cylinders,
is found within a range of values between 0.36 and 0.47
by means of various approximate theories, including
parallel or freely rotating rods, as well as simulations
[19-21,24-29].

III. EXPERIMENTS

Our experimental system of rods is the filamentous fd
virus, which has been widely used as a colloidal model
system in soft condensed matter [5,30-32]. The bacterio-
phage fd, which is an almost-1-micron-length (L =
0.88 um) semiflexible charged rodlike particle with a
diameter of D =7 nm and a persistence length of P =
2.8 um, has a molecular weight of M,, = 1.64 x 107 g/mol

and is formed by single-stranded DNA around which
about 2700 coat proteins are helicoidally wrapped
[33,34]. fdY2IM is a viral mutant that differs from wild-
type fd only by a single-point mutation of the 21st amino
acid of each major coat protein, changing from tyrosine in
fd to methionine in fdY2IM [35]. This results in a stiffer
phage, with a persistence length of P =9.9 um [34], a
contour length of L = 0.92 ym [36], and a similar charge
density [37]. The virus concentration C,;,, was measured
using spectrophotometry with absorption coefficients of
3.84 and 3.63 cm?/mg at 269 nm for fd and fdY2IM,
respectively [34], and it is related to the volume fraction ¢
by ¢ = pvy = CyiusNa/M,, x xLD?/4, where N, is
Avogadro’s number. The fd charge density is 3.4 e/protein
at pH 8.1 [38], giving a number of negative charges per
virus of Z,;,s = 9180 [39]. The ionic strength I, and the
pH associated with the added salt are monitored thanks to a
TRIS-HCI-NaCl buffer against which dilute virus suspen-
sions were extensively dialyzed. It is worth mentioning that
the CO, that dissolves from the air in the buffer cannot be
neglected, and it significantly increases the ionic strength,
of about 0.9 mM for an analytical concentration of the
TRIS buffer of 10 mM at pH 8.1 [40]. After dialysis, the
virus suspensions were ultracentrifuged at about 200000 g
for 3 hours. The viruses were resuspended in the same
buffer, and different dilutions were placed in glass capillary
tubes of diameter 1.5 mm. The smectic phase was mainly
identified by its optical iridescence stemming from the
diffraction by visible light of the around-1-micron-thick
smectic layers [36]. The chiral nematic phase was deter-
mined by its typical fingerprint texture observed by a
polarizing microcopy [37], and the signature of the
columnar mesophase was provided by the hexagonal
positional order probed by small-angle x-ray scattering
(SAXS) [31]. SAXS experiments were performed with a
NanoStar-Bruker AXS setup, working at a wavelength of
1.54 A (Cu Ka emission) and with a sample-to-detector
distance of 1.06 m. The instrumental resolution is given by
the full width at half maximum (FWHM) of the direct beam
and is about 0.05 nm~'. For the study at I, = 20 mM, fd
and fdY2IM suspensions were prepared in flat capillaries in
order to perform both smectic-layer-spacing measurements
by differential-interference contrast microscopy and SAXS
investigations on the same samples.

IV. RESULTS AND DISCUSSIONS

Figure 1 depicts the phase diagram of fd viruses in the
dense regime where the boundaries between the chiral
nematic, the smectic, and the columnar mesophases are
indicated [41]. As expected, the location of the phase
transitions occurs at higher virus concentrations, C;us»
when increasing the ionic strength because of the screening
of the electrostatic repulsions [42].
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FIG. 1. Experimental phase diagram of the dense liquid-

crystalline states of fd virus suspensions. The reduced rod
packing fraction ¢* is plotted as a function of the added salt
I,. The dashed lines are a guide for the eye to indicate the N-Sm
and Sm-Col phase transitions, where the smectic range (open
white symbols) includes both the smectic-A and the smectic-B
mesophases (see text).

A. Ton condensation and virus effective charge

The extent of the electric double layer surrounding each
charged particle is characterized by using the Debye
screening length k! [43]:

k' = (87, N,I1)~'/2, (4)

where £, is the Bjerrum length (of about 0.71 nm in water
at room temperature), N, is Avogadro’s number, and 7 is
the ionic strength, defined by

1 2

In Eq. (5), the sum is taken over all types of mobile (or free)
microions of molar concentration n; = p;/N, and of
charge number Z,;, i.e., added salt ions and counterions
compensating the virus surface charge [43-46]. In con-
centrated samples, the contribution of counterions origi-
nating from the charged colloids cannot be neglected, and
this leads to an effective (or renormalized) charge of the
viruses, which is also called charge condensation [47]. In
its simplest form, condensation theory ignores the details of
the ion distribution near the polyelectrolyte and assumes
that a fraction of the rod charge will be neutralized because
of the nonspecific binding with counterions. Let us call Q
the fraction of free counterions. In units of molarity, the
ionic strength I can then be expressed for monovalent
microions (1:1 salt) by

1
IEItot:Ic_‘_Is:Ean_Fns’ (6)

with n, = Cyius X Zyirus/M,, and n, the molar concentra-
tion of added salt. In the limit of infinite dilution and for a

charged rod with vanishingly small radius (xoR < 1, with
ko the Debye screening length associated with the added
salt 1), the uncondensed counterion fraction is given by
Qo :m: 0.14 according to the Manning criterion

[48], where Apge = Zyis/L is the linear charge density
of fd virus. Such an approximation is valid neither for
concentrated colloidal suspensions nor in the range of ionic
strength studied here (I, = 6 to 110 mM) for which the
cylinder radius is comparable to the width of the diffuse ion
atmosphere surrounding the particle, i.e., kR ~ 1. More
generally, addressing the question of the effective charge of
dense assemblies of highly charged rods remains tricky,
and it depends a priori on the rod diameter, the rod volume
fraction, and the amount of added salt. In this context,
Manning has recently developed an analytical approach
for different geometries of particles, where the fraction of
condensed ions results from the balance between enthalpic
electrostatic binding and their dissociation entropy [49]. In
the specific case of charged cylinders in the presence of
added salt such as kyR ~ 1, Manning derived the following
expression for the effective line charge density, A.g:

K (koR
Aeftlp = —In 0 KORM’ (7)
bare KO (KOR)

where Ky(x) and K, (x) are modified Bessel functions of
the second kind. The fraction of free ions can thus be
written as

0= et (8)

- )
ﬂbare

with 0 < Q@ <1 and is plotted in Fig. 2. It confirms the
major role of counterions in the electrostatic properties and
shows that ion condensation diminishes with increasing
salt, ultimately being completely unbound at sufficiently
high salt. The main restriction of the Manning model
applies to colloids in the infinite dilution limit. In order to
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FIG. 2. Fraction of free ions Q as a function of the added salt /

obtained from calculations of Manning [49] (black line) and
Trizac et al. [53] (open and full squares).
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account for the finite particle volume fraction, a mean field
Poisson-Bolztmann theory within a cell model [50] has to
be used. This approach replaces the many-body problem
of charged colloidal suspensions by a simpler one-particle
system and has been shown to successfully describe the
electrostatic interactions with monovalent ions. In this
framework, analytical expressions have been derived for
charge renormalization of macroions by Trizac et al
[51-53]. Their approximation becomes exact in the colloi-
dal limit xyR > 1, but it has been shown to be a good
estimate down to kgR 2 1, corresponding to the specific
case studied here. For the sake of clarity, the equations for
determining the virus effective charge are not explicitly
written here, but the details can be found in Ref. [53]. The
result of the computation is shown in Fig. 2 for both volume
fractions corresponding to the N-Sm and Sm-Col phase
transitions. Compared with the Manning model, a very
similar dependence of the fraction of free ions is found,
where all the counterions are dissociated from the rod
surface above a given amount of added salt. Despite their
slight quantitative difference, the very good consistency
between the two main available analytical models found
in the literature makes us confident about capturing
the underlying counterion contribution in the fd virus
suspensions.

B. Effective diameter and renormalized phase diagram

In order to effectively account for the electrostatic
repulsion in our statistical model, which only contains
the excluded-volume interaction [Eq. (2)], the bare
diameter D has to be rescaled by a thicker effective
hard-rod diameter D.;. Many attempts were made for
rodlike particles [11,30,42,44,45,54], mainly focusing on
the isotropic liquid phase for which an effective diameter
can be strictly defined at the level of the second virial
approximation according to Stroobants et al. [55,56]. This
approach allows for a semiquantitative agreement with
charged filamentous viruses at the I-N transition [57,58],
but it fails to account for the N-Sm transition because such
an expression of D is intrinsically ill defined for parallel
rods [29,56]. Therefore, and because a rigorous theory
including an electrostatic interaction at a fundamental level
is still missing for charged rods organized in highly ordered
states, we have chosen a heuristic approach in the spirit of
Onsager, who mentioned in his seminal paper that [16]
“[...] the effective range of the electrostatic repulsion will
be a modest multiple of the screening distance x~',” which
means, for Dy,

Deff =D + (ZK'_I, (9)

with « a free parameter and ! the Debye screening length
associated with the total ionic strength I, [Eq. (6)]. The
effective diameter, and consequently the effective volume
fraction, is then a function of the added salt 7, and the virus

concentration C,;., both known experimentally, as well as
a function of the fraction of free ions Q determined through
a charge-condensation model, and of the free parameter a.
Since fd viruses exhibit both a high aspect ratio (L/D > 1)
and a near-parallel configuration close to the N-Sm
transition, as shown by an orientational order parameter
S ~ 1 [59], the nematic-to-smectic transition volume frac-
tion is expected to be universal [20], i.e., ¢l = cst. By
fitting, accordingly, the effective volume fraction as a
function of the added salt I, using a as the only fit
parameter, we obtain the renormalization of the N-Sm
for both models of charge condensation (Manning [49] and
Trizac et al. [53]): ¢} _gm = 0.46 and 0.43, respectively, as
shown in Fig. 3. Both values, which are close to each other,
are found within the experimental error bars, and they are,
in general, in good agreement with the different theoretical
predictions [19,20,24-27,29], as well as the most recent
Monte Carlo simulations on long rigid rods, giving
D_sm € [0.46,0.47] [28]. When virus flexibility is con-
sidered, it is expected that the N-Sm transition shifts to
higher rod densities when compared to perfect rigid hard
rods [28,36]. Such an effect is indeed observed for the
stiffer fdY21M mutant (P/L ~ 10) for which the effective
volume fraction ¢y_g, decreases by about 9%, when
determined with the same set (Q, a) of parameters as
those used for the wild-type semiflexible virus. More
details on the effect of rod stiffness can be found in
Sec. IV C.

In Fig. 4, we plot the effective diameter Dy obtained
for the renormalized phase diagram (Fig. 3) at the N-Sm
transition. By applying the same procedure including
charge condensation and keeping unchanged the parameter
a, the effective diameter at the I-N transition is found to be
in good agreement with the one obtained by Onsager theory
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0.6 N i
A A A A

x5 05 o o o o - E
= A P R a —
,,,,, .,,,,,,,',,,,,,,.,,,,,,,,,,',,,,,,,,,.,,,,,,,
0.4 .
0.3 i

0.2 . T

10 . (mM) 100

FIG. 3. Renormalized phase boundaries of N-Sm (full red

symbols) and Sm-Col (open blue symbols) transitions for fd
virus suspensions. The reduced effective volume fraction ¢ is
obtained with the effective rod diameter D (a, Q) = D + ax™'
[Eq. (9)], where the variable fraction Q of uncondensed virus
counterions is given by the models of Manning [49] (triangles)
and Trizac et al. [53] (squares), as shown in Fig. 2.
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FIG. 4. Effective hard-rod diameter D¢ [Eq. (9)] used for the
renormalization of the phase diagram (Fig. 3) with the fraction of
free ions Q calculated according to the models of Manning [49]
(triangles) and Trizac et al. [53] (squares). Doy at the N-Sm
transition (red symbols) is shown to always be smaller than the
corresponding inter-rod distance d obtained by SAXS (black
dots). D at the I-N transition (open symbols) obtained by the
two charge condensation models described above and from
Onsager theory for semiflexible rods [57,60].

for semiflexible rods [57,60], validating the approach
developed here. When our effective diameter is compared
to the inter-rod d distance obtained by SAXS measure-
ments via d = %% [31], it results in Dy < d for all

transitions, and whatever the added salt /,—so a fortiori
whatever the ionic strength /—, meaning that there is no
overlap of the electric double layer between rods. This
observation supports the hard-rod behavior of fd viruses in
the dense regime. Contrary to previous claims [5,30,42], we
show that the rod charge can be quantitatively taken into
account via an effective diameter Dy, demonstrating, in
particular, the importance of charge condensation (which is
sometimes neglected because of its complexity and usually
ignored for dilute suspensions, but which must be taken
into account in concentrated regime) to properly account
for the screened electrostatic interactions.

Even if there has not been a full theoretical demonstra-
tion to date, we tried to apply the same approach of
renormalization to the Sm-Col transition. In this case
and contrary to both the N-Sm and the I-N transitions,
this procedure works poorly, as shown in Fig. 3.
Experimentally, it becomes more and more difficult to
get homogeneous samples as the ionic strength and the rod
concentration increase, generating data dispersion. Beyond
our heuristic approach, some effects such as dispersion
forces have been neglected and could possibly play arole as
the rod density increases. Van der Waals interactions are
mainly independent of ionic strength and usually exhibit
the largest attraction for parallel-rod configurations [56],
therefore favoring the smectic phase stability [61]. The
short range (0—10 nm) of this attraction may have some

influence, especially on the Sm-Col transition, considering
the short surface-to-surface distance between viruses at the
highest ionic strength (Fig. 4). Some effective attraction
due to many-body effects could also be invoked [62],
decreasing the location of the phase transitions as well.
Nevertheless, these effects remain limited and can be seen
as a perturbation of the prevailing hard-rod behavior of fd
suspensions.

C. Influence of rod flexibility

As already mentioned above, rod stiffness represents a
major parameter in the relative stability of the smectic
phase with respect to the nematic and the columnar phases
[63,64]. If the smectic phase is easily characterized
experimentally by its optical iridescence stemming from
its layered organization [Figs. 5(a) and 5(b)], the nature of
the order within the layers has to be probed by SAXS.
Figure 5(c) shows the scattered intensity corresponding to
liquidlike order (dotted black line) featuring a SmA phase
[41], and to hexagonal positional order (red line) by slightly
increasing the rod packing. Combined with the layer
ordering along the rods, this defines a SmB phase found
for both the semiflexible fd and the stiff fdY2IM viruses,
schematically represented in Fig. 5(d) [11,12]. In the SmB
phase, the positional correlation length £, normal to the
rod-long axes is long ranged, being only limited by the
instrumental resolution [Fig. 6(b)]. It distinguishes SmB
from the hexatic columnar mesophase of filamentous
viruses, which exhibits, furthermore, liquidlike order along
the column axes [31]. The hexatic feature of the columnar
mesophase is provided by the short-range hexagonal
translational order, which is broken by the presence of

dislocations. Such intrinsic defects stem from the
(c) ' (100) “ _____ ;mA '(di ‘
i —SmB 3y

J00 )

00 02 04 06 08
q (m”

FIG. 5. (a) Iridescence of macroscopic smectic sample illumi-
nated by a white light source. (b) Optical texture of the smectic
phase observed by differential interference contrast microscopy
evidencing the layer spacing A. The red rods schematically
represent the fd viruses within the layers, and the associated
positional correlation length ¢, normal to their long axis.
(c) Scattered intensity obtained by SAXS probing the transla-
tional order within the smectic layers showing the evolution from
liquidlike (dotted black line) to hexagonal positional (solid red
line) order by slightly increasing the rod concentration. This
corresponds to the SmA and SmB phases, respectively, as
schematically represented in (d).
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FIG. 6. (a) Smectic-layer spacing A obtained by fast Fourier

transform of the optical microscopy images [Fig. 5(b)]. Inset:
Smectic-layer spacing normalized by the respective viral contour
length L. (b) Positional correlation length ¢, =2/FWHM
within the smectic layer measured by SAXS on the (100) Bragg
reflections [Fig. 5(c)] in the same samples as in (a). Black and red
symbols refer to semiflexible fd and stiff fd¥Y2IM viral rods,
respectively. The dashed lines indicate the smectic range for fd
(gray) and fdY2IM (red) suspensions (/; = 20 mM).

geometrical frustration between the hexagonal ordering and
the helical twist between chiral viral particles [31].

The smectic-B phase also differs from a crystalline phase
(Cr) for which crossed Bragg reflections are expected,
indicating a strong coupling between the positional order
within and between the layers. Moreover, it should be
stressed that a crystalline phase has been observed beyond
the columnar state after a slow drying of virus suspensions
[31], then defining the following phase sequence by
increasing virus concentration:

I—N*—SmA — SmB - Col — Cr.

The occurrence of a columnar mesophase in between
the smectic-B and the crystalline phases may be explained
both by rod flexibility [27] acting as rod polydispersity and
by a generic charge-induced stabilization of the columnar
state, as explicitly demonstrated in different theoretical
works [29,44,45].

More quantitatively, the layer spacing A has been
measured in the whole smectic range [Fig. 6(a)] and
correlated with SAXS data to determine the nature of
the smectic order (SmA or SmB). Because of the confine-
ment within the layers induced by the high-rod density, the
viruses are stretched and exhibit an effective end-to-end
length distance very similar to their respective contour
lengths L [65]. Therefore, the layer spacing 1 normalized
by the respective virus contour length L is remarkably
rescaled into a master curve for both filamentous particles
of different stiffness P [inset of Fig. 6(a)]. Moreover, 1/L
decreases by increasing rod concentration and reaches the
value of A/L = 1 at the Sm-Col phase transition, which is
shown to occur at the same concentration no matter what
the rod flexibility is (Fig. 6). This is in contrast to the N-Sm
transition for which the entropic penalty associated with the
rod rigidity favors the smectic organization at lower rod
densities [20,27,36,64], leading to a broader smectic range
for stiffer viruses (Fig. 6). Nevertheless, the fraction of
SmA phase is similar for both viral strains, and it represents
around 1/4 of the whole smectic range. It is worth
mentioning that the dynamical studies previously reported
on the smectic state [36,41,66] were all performed in the
SmA phase.

V. CONCLUSIONS

In conclusion, our study shows that the electrostatic
interaction of highly concentrated charged rods can be
accounted for with the simple concept of an effective hard-
core diameter D.g. This heuristic model confirms that the
N-Sm transition location is universal in the long-rod limit
and that it is only slightly sensitive to the softness of the
interparticle potential. Though there is already extensive
evidence from theory and computer simulations that phase
transitions can be driven by entropy rather than enthalpy,
our results are the first experimental demonstration that
packing effects are dominant even for the increasingly
complex ordered phases, which are the smectic phases.
Furthermore, by varying rod stiffness thanks to viral
mutants, we provide a reliable quantitative sketch of the
competitive stability of the nematic, smectic-A, newly
evidenced smectic-B, and columnar mesophases, which
should stimulate further theoretical investigations and
computer simulations where both rod flexibility and
electrostatic interactions are included.
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