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The concentration-temperature dependent phase diagram of the deoxyguanosine-5’-monophosphate
[d(pG)]-water system was determined by x-ray diffraction measurements. The columnar lyotropic po-
lymorphism has been confirmed. However, at medium concentrations and high temperatures, we found
an unusual and large region of coexistence of isotropic and hexagonal phases (maybe in equilibrium with
the cholesteric phase). Increasing the ionic strength of the solution by adding KCl, resulted in a stabili-
zation of the high-temperature hexagonal phase and a direct isotropic to hexagonal (with increasing con-
centration) and a cholesteric to hexagonal (with increasing temperature) phase transition were observed.
The phase diagrams completely agree with the one predicted for hard rod-shaped particles. In order to
understand the phase behavior, the cholesteric and hexagonal unit cell parameters were analyzed at
different temperatures as a function of the volume concentration of d(pG) on the basis of recent
statistical-mechanical calculations. Moreover, by analyzing the high-angle [s =(3.4 A)_l] peak, the
average number of coherently scattering tetramers was also determined. For d(pG) in pure H,0, we ob-
tained values between 35 and 53. After adding KCl, the functional dependence turned out to be more
complex, and we obtained values between 26 and 58.
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I. INTRODUCTION

Of the five nucleotides found in DNA and RNA, only
guanosine shows the ability to self-associate into stable
structures. This phenomenon is well known: ordered gels
and fibers from guanosine, 5'- and 3’-guanosine mono-
phosphate, polyguanosine and deoxyguanosine have been
studied extensively [1-4]. The common basic building
block of such structures has been found to be a planar
disk-shaped quartet (the so-called tetramer) formed by
four Hoogsteen-bonded guanosine moieties [4,5]. The
tetrameric arrangement of the four guanosines is
represented in Fig. 1. Recently, naturally single-stranded
sequences from telomers and other chromosomal loca-
tions have been found to form a family of higher-order
structures in vitro (the so-called quadriplexes): these in-
clude structures containing guanine quartets bonded to-
gether according to the Hoogsteen hydrogen-bonding
scheme [6]. The possible biological relevance of this
guanine special feature is, as yet, undefined: it has been
proposed that the formation of the quadriplex mediates
the parallel pairing of the four homologous chromatids
during meiosis and the dimerization of the telomeric ends
of chromosomes [6-9], and may have a prebiotic
significance in the origin of the genetic code [10].

In recent papers [11-13], we have reported that a
series of guanosine derivatives show, at room tempera-
ture and as a function of water concentration, a columnar
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lyotropic liquid crystalline polymorphism. In particular,
we observed that the ammonium salt of the nucleoside
phosphate 2’'-deoxyguanosine-5’-monophosphate d(pG),
as well as the sodium salts of the corresponding ‘“‘dimer”
2'-deoxyguanylyl-(3’-5’)-2’-deoxyguanosine d(GpG), of
the “trimer” d(GpGpG), of the “tetramer” d(GpGpGpG)
and of the “hexamer” d(GpGpGpGpGpG), are able to
self-associate in water to form hexagonal (H) and
cholesteric (Ch) mesophases at low and high water con-
tent, respectively [11-13]. On the basis of x-ray
diffraction and optical microscopy experiments [12-14],
we demonstrated that these liquid crystalline phases are

(a)

(b)

FIG. 1. Schematic representation of the microscopic struc-
ture of d(pG) aggregates. (a) Stacking of the disk-shaped tetra-
mers. The spherical legands symbolize the residual sugar groups
(R). (b) In-plane structure of one tetramer.
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formed by chiral, cylindrical aggregates with negative di-
amagnetic anisotropy and that each rod is composed of a
stacked array of tetrameric disks at the typlcal distance
of 3.4 A (see again Fig. 1). Moreover, except in an overly
diluted d(pG) sample, short four-stranded aggregates of
similar structure were also observed in the isotropic solu-
tions by small-angle neutron-scattering experiments [15].
In particular, for weight concentrations of 1% and 1.5%,
and irrespective with the “distance” from the isotropic-
cholesteric (I-Ch) phase transition concentratlon, cylin-
drical aggregates of 13 A radius and about 65 A length
were detected. Recently, a more complex columnar po-
lymorphism was identified in the ammonium salt of 2'-
deoxyguanosine-3’-monophosphate d(Gp) and in its iso-
butyl ester d(Gp)iBu [16]. Due to steric constraints and
strong short-range intercolumnar interactions, these
compounds show, as a function of water concentration,
four different columnar phases, including a cholesteric
and a hexagonal phase, but also a two-dimensional square
and a new hexagonal H,, structure [16].

Another important feature, defined by several works
on various guanosine-containing systems [17,18] and
stressed by recent circular dichroism experiments [19], is
that those four-stranded structures specifically need alkali
metal cations in order to form. Moreover, depending on
the nature of the alkali cations, the structure of the ag-
gregates appears differentially stabilized. This effect,
which is not clearly defined, as kinetic and thermodynam-
ics mechanisms seem to competitively control the self-
assembling process in solution, could be roughly ex-
plained in terms of a size-selective binding of cations
within the central cavity of the tetramers.

On the basis of these results and in order to obtain fur-
ther information on the self-association properties of
guanosine, we decided to investigate extensively by x-ray
diffraction methods the polymorphic behavior of the 2'-
deoxyguanosine-5’-monophosphate ammonium salt as a
function of temperature and ionic strength (i.e., in the
presence and absence of excess KV ions).

II. EXPERIMENTAL DETAILS

d(pG) was of commercial origin (Sigma, 99% purity).
Samples were prepared by mixing the guanosine deriva-
tive with freshly bidistilled water. To study the influence
of the ionic strength of the solution, we also investigated
samples in 4M KCl. The mixtures were left for at least
two days at room temperature to avoid inhomogeneity.
After mounting the sample holder, the homogeneity of
the samples was verified by optical polarizing microsco-
py. The relative uncertainty of the concentrations was
estimated to be 5%. Concentrations are reported as
weight fraction, ¢, or volume fraction, c,, as appropriate.
Volume concentrations have been calculated using for
d(pG) the specific volume 0.651 cm3/g.

Low-angle x-ray diffraction experiments were per-
formed using a 1.5 kW Ital-Structures x-ray generator
equipped with a Guinier-type focusing camera operating
in vacuum: a bent quartz crystal monochromator was
used to select the Cu Ka, radiation (A=1.54 A). The
samples were mounted in vacuum-tight cells with thin

mica windows. In order to reduce the spottiness arising
from possible macroscopic monodomains, the cells were
continuously rotated during exposure. The sample cell
temperature was controlled with an accuracy of 0.5 °C by
using a circulating thermostat. The diffraction patterns
were recorded on a stack of four Kodak DEF-392 films.
Scattering data were also recorded on a two circle
diffractometer equipped with a bent position sensitive
detector (INEL CPS120) to record the scattered intensity
in a range of A26=120° at the same time. A Philips
PW1830 was used as x-ray source, run at a power of 1.6
kW with a copper target. The Cu Ka, line was selected
by a Guinier monochromator focused on the detector.
The intrinsic resolution of the diffractometer (width of a
crystalline peak) was determined to be 1.1 channels. The
width of one channel was measured using a LiF single
crystal and calculated to be 0.0300(2)°.

III. RESULTS

In this work, the structural properties of d(pG) in wa-
ter and in 4M KCI have been investigated. The phase se-
quence of d(pG) at 25°C in pure water was already estab-
lished in [13]. In particular, as a function of concentra-
tion, an isotropic, a cholesteric and a hexagonal phase
were observed. The present x-ray scattering analysis,
which confirms at 25 °C the same sequence also for d(pG)
in 4M KCl, is focused in particular on the high tempera-
ture region of the two phase diagrams.

As a typical example for the scattering cross section
(SCS) observed in these systems, Fig. 2 shows the x-ray
diffraction profiles observed at 75°C and 25 °C for d(pG)
in 4M KCl with ¢ =0.40. In Fig. 2(a), two low-angle
peaks (order +1 and —1) related to the two-dimensional
hexagonal lattice are easily identified. Using the Guinier
camera, we were able to identify also higher order
reflexions—up to the fifth order in some cases—as pub-
lished in [13]. However, no extra low-angle peaks were
observed in this phase, indicating the absence of smectic-
like order. As expected, in fact, no long-range column-
column correlation of the tetramer position exists, as the
rods may freely translate in a direction perpendicular to
the two-dimensional hexagonal cell. The scattering pat-
tern observed at low temperature is reported in Fig. 2(b):
the liquid crystalline phase shows lower symmetry and it
is assumed to be cholesteric, as confirmed by optical mi-
croscopy. The peaks of the ordered phase have
transformed to broad bands, whose maxima are hardly
visible with the resolution obtained with the
diffractometer, but were clearly resolved by using the
Guinier camera. In both Figs. 2(a) and 2(b), the high-
angle peaks related to the stacking of the tetramers may
be seen. The corresponding scattering vector s
[s =(2sin@)/A] confirmed the distance of 3.4 A between
the piled tetramers and thus the columnar model de-
scribed above. The x-ray diffraction profiles relative to
the isotropic phase are not shown: they are characterized
by diffuse scattering in the small-angle region and by the
absence of the high-angle peak.

In the following, we present in more detail our results
regarding those two characteristic features. First, the
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FIG. 2. As recorded x-ray intensities of d(pG) 40% in 4M
KCl. (a) 75°C; (b) 25°C. The direct beam (centered at channel
1779) is blocked by a beamstop. In the low-angle region, the
peaks due to the liquid crystalline order are observed. The
asymmetry is due to smearing effects. In the high-angle region,
the peaks reflecting the stacking of the tetramers are located
near the maximum of the structure factor of H,O. The peaks
near channels 1150 and 2300 are due to the mica windows.

low-angle scattering, reflecting the liquid crystalline
phases and their transitions, and second, the high-angle
profile, containing information on the columnar aggrega-
tion of the tetramers.

A. Phase diagrams of d(pG)

From the analysis of the low-angle scattering region
recorded at different temperatures and concentrations,
the phase diagrams of d(pG) in H,0 and in 4M KCl have
been derived (see Fig. 3). In the first phase diagram, we
observe at medium concentration and low temperature a
region of cholesteric stability, while the isotropic and the
hexagonal phases coexist at high temperature. The ex-
tension of this two-phase domain appears considerably
reduced after addition of KCl: a direct cholesteric to
hexagonal phase transition with increasing temperature
is, in fact, observed at concentrations near 40%. Notice-
able is the fact that in both systems the triple point tem-
perature remains unchanged at about 60°C. However, in
4M KC], the cholesteric phase extends to far lower con-
centrations, whereas the Ch to H phase transition ap-
pears only slightly shifted towards lower concentrations.

The general features of both phase diagrams are in
agreement with recently published ones, calculated on
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FIG. 3. Phase diagrams of d(pG)-H,O (lower frame) and
d(pG)-4M KCI (upper frame) as deduced from our measure-
ments (concentrations in relative weight). I, isotropic, Ch,
cholesteric, and H, hexagonal phases. Shaded region: phase
coexistence. The lines give the positions of the phase transitions,
the width of which was determined to be below 5%. In the
hatched areas, we have no measured data.

the basis of a hard-particle model [20] or for persistent
flexible rods [21]. In the case of completely rigid aggre-
gates, Taylor and Herzfeld [20] obtain for weak aggrega-
tion (i.e., when the average aggregate size is small) a
direct isotropic-hexagonal phase transition with increas-
ing amphiphile concentration. However, for sufficiently
strong aggregation (i.e., when the aggregates are on aver-
age sufficiently elongated), they find a stable nematic
phase, intervening between the isotropic and the colum-
nar phase. In the case of persistent flexible hard rods,
Hentschke and Herzfeld [21] derive for moderate flexibil-
ity an isotropic-nematic-hexagonal phase sequence with
increasing amphiphile concentration. By contrast, as the
rods become more flexible, they find that the isotropic-
to-nematic transition shifts to higher concentrations, un-
til finally a direct isotropic-to-columnar phase transition
occurs. On the basis of such theoretical results, we can
interpret the observed phase diagrams considering the
d(pG) system as formed either by rigid and reversibly as-
sembled rodlike aggregates, with average size increasing
with increasing concentration and with decreasing tem-
perature, or by hard rodlike aggregates of fixed length,
with flexibility increasing with increasing temperature.



398 FRANZ, CIUCHI, Di NICOLA, De MORAIS, AND MARIANI 50

B. Unit cell dimensions

In Fig. 4, the hexagonal unit cell parameter a and the
mean distance between adjacent cylinders in the
cholesteric phase, as calculated from the position of the
low-angle peaks observed for d(pG) in H,O, are plotted at
four different temperatures as a function of volume con-
centration c,. As expected, we found a monotonic de-
crease of the unit cell dimensions with increasing concen-
tration. The same behavior was observed in the KCl con-
taining system, the only difference being that the unit cell
dimensions in both cholesteric and hexagonal phases are
larger (about 8—10 %) than the ones observed at the same
concentration and temperature in pure water.

As recently reported [14,22], it is useful to extensively
investigate the dependence of a on the d(pG) volume con-
centration. However, due to similar behavior, we re-
stricted the detailed study to the case of d(pG) in H,O.
Let us begin by assuming that the four-stranded columns
in the hexagonal phase are infinitely long and have a cir-
cular section with radius R. The relation between the
cross-sectional area of the rod and the two-dimensional
hexagonal unit cell surface is [12,13,23]:

7R*=(V3/2)a’, .

In the present system, R could be considered constant as
the structure and conformation of the disk-shaped tetra-
mer does not change as a function of concentration
[1,24]. Therefore, for infinite cylinders, @ will change

with volume concentration as ¢, /2:

a=QwR?*/V3) 2,12,

This means that the rods move apart only laterally as di-
lution proceeds. Moreover, on the basis of theoretical
calculations [20,21], see also Ref. [22], a power law
dependence for the variation of the dimensions of the
hexagonal unit cell with volume concentration has been
predicted for monodisperse spherocylinders of fixed
length, with short-range repulsions only. In these calcu-
lations, the flexibility of the aggregates, which are con-

sidered to homogeneously bend elastic along their con-
tour, plays an important role (see also Ref. [25]). The
theory distinguishes between spherocylinder length re-
gimes relative to a flexibility persistence length, which is
a measure of the distance over which the orientations of
two unit vectors tangential to the free columnar aggre-
gate contour are correlated [21,25]. Exponents of —1
and —1 are predicted for spherocylinders that are rigid
(shorter than the persistence length) and flexible (longer
than the persistence length), respectively [20,21]. For
monodisperse rigid spherocylinders that grow in length
with increasing concentration, the theoretical equation
for the hexagonal lattice dimension indicates that the ex-
ponent will be greater than — 1.

Straight lines corresponding to — 3 and —1 power law
behaviors are then shown in Fig. 4. For low temperatures
(5°C and 25°C), the data points are aligned fairly well on
the curve for infinite (or finite flexible) aggregates. At
40°C, there is a crossover from the infinite (or finite flexi-
ble) to the finite rigid type behavior at the H to Ch phase
transition (note, however, that the above indicated theory
was derived for the hexagonal phase, so that its extension
to a nematic phase is entirely hypothetical). Finally, at
high temperature, the data points in the H phase vary
even slower than ¢, !/3. Note that in the two-phase re-
gion the lattice dimensions remain fairly constant. Com-
paring the different temperatures, the negative lateral,
thermal expansion predicted by [20] is demonstrated in
our measurements. The relevance of those results for the
microscopic model of the polymorphism will be discussed
in the following section.

C. Aggregation of tetramers

The columnar stacking of the tetramers may be studied
in more detail analyzing shape and position of the high-
angle [s=(3.4 A)"!] peak. To do this, we fitted a
Gaussian and a locally linear background to every peak
(see Fig. 5). The results are summarized in Figs. 6 and 7:
the first figure shows the distance between the positions
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FIG. 5. Diffraction peak centered at s =(3.4 A)~! for two
different “extreme” cases. O: ¢ =50%, 35°C; X: ¢=23%,
25°C. The solid lines represent the Gaussians fitted to the data.
For a better comparison, the curves are shifted with respect to
each other (note different scales). The full widths at half max-
imum (FWHM) are 15.0 and 25.4 channels, respectively.

of the peaks—that is four times the scattering angle 6 —
as a function of concentration and temperature for both
investigated systems. In spite of the fact that there is
considerable scatter in the data (mainly due to instabili-
ties in the detector electronics), a general trend to in-
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FIG. 6. Distance between the positions of the two high-angle
peaks versus temperature for different concentrations (as indi-
cated in the figure) of d(pG) in H,0 (lower frame) and 4M KCl
(upper frame). The scale on the left side is the distance between
the position of the peaks for positive and negative scattering an-
gle in channels; in the right scale the scattering angle is convert-
ed to the stacking distance. Error bars are omitted for clarity:
however, the absolute error in the stacking distance is estimated
to be £0.01 A. The lines are linear fits to the data to show the
general trend.
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FIG. 7. Full widths at half maximum (FWHM) of the high-
angle peak versus temperature for different concentrations of
d(pG) in H,O (lower frame) and 4M KCIl (upper frame). Error
bars are omitted in some cases for clarity, but have similar size:
in particular, the relative error in the hexagonal and cholesteric
phases has been estimated to be about 5% and 20%, respective-
ly.

crease the distance of the tetramers with increasing tem-
perature is obvious. The corresponding average thermal
expansion coefficient was determined to be 0.0013(4)
A/K. The dependence of the full width at half maximum
(FWHM) of the (3.4 A)™! peak on temperature and con-
centration is plotted in Fig. 7.

As already pointed out by Azaroff [26], the Bragg
equation must be used with care if the distance between
molecules in a liquid crystalline phase is to be deter-
mined. To verify the relation between the tetramer stack-
ing distance and the position of the peak in the x-ray
diffraction profiles, but also in order to obtain informa-
tion on the correlation between the changes observed in
the peak width and the average number of stacked tetra-
mers, numerical simulations of the SCS of a columnar ag-
gregate have been performed.

To calculate the SCS, the tetramers were approximated
by homogeneous disks of 2.35 A thickness and 13 A ra-
dius [13,15,24]. The scattering amplitude of a given
number n of those disks, stacked one above the other at a
distance of 3.4 A, was summed up, squared, and then
averaged over all orientations. A random fluctuation of
the repeat distance could be accounted for. As expected,
this type of disorder has no influence on the width of the
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in H,O (lower frame) and 4M KCIl (upper frame). Error bars
are omitted for clarity: however, in the cholesteric phase the
absolute error in the average number of stacked disks is 8,
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are linear fits to the data to show the general trend. The data be-
longing to ¢ =0.4 are separated into a hexagonal and a
cholesteric part.

diffraction peaks. This procedure is correct, as long as
there is no three-dimensional correlation between the po-
sitions of tetramers in the different aggregates. In Fig. 8,
the FWHM of the simulated peaks is plotted as a func-
tion of the number of stacked disks n. For short aggre-
gates (n <100) we find a clear deviation from the peak
width calculated by using the Scherrer equation [27],
whereas for n > 100 the agreement is very good. On the
other hand, the peak position corresponds always to the
value obtained by the Bragg equation (except for very
small deviations for n <50).

Therefore, by comparing the calculated and the mea-
sured peak width and considering the stacking repeat dis-
tance, the average number of stacked disks and the aver-
age length of the columnar aggregates have been ob-
tained. The results are reported as a function of concen-
tration and temperature in Fig. 9. it appears evident that
the size of the aggregates is not a monotonic function of
temperature and that the average correlation length in-
creases as a function of concentration from about 100 A
to 150 A in the cholestenc phase, but it remains fairly
constant (about 170 A) in the hexagonal domain. This
complex dependence will be discussed in the following
section.

It may be observed that the value of n determined in
this way has to be taken as an average value, because
some polydispersity has to be expected in this system. At
all concentrations and temperatures investigated, the ob-
served x-ray diffraction high-angle peak could be perfect-
ly fitted with a single Gaussian, indicating that po-
lydispersity is rather small and that the length distribu-
tion is symmetric. However, to the degree of experimen-
tal accuracy, the polydispersity may not be treated in a
quantitative manner, as different curves could be also
used to fit the (3.4 A)~! Bragg peak within the experi-
mental errors. It may be stressed, however, that simula-
tions clearly indicate that an exponential number length
distribution can be excluded. Therefore, we can suggest
that the self-assembling process is kinetically controlled
[28].

1V. DISCUSSION

In this paper we extended our previous work on the
polymorphism of d(pG) at room temperature [13]: the
structural properties of the d(pG)-water system have been
investigated as a function of temperature and also in the
presence of 4M KCl. As a general result, it could be un-
derlined that the microscopic columnar model of stacked
tetramers as shown in Fig. 1 agrees with the x-ray data
presented. In addition to the analysis of the variation of
lateral intercolumnar distance with concentration (Fig.
4), we have also determined the average number of
stacked tetramers n, that is the average length L of the
columnar aggregates (Fig. 9). Figure 10 shows such data
plotted in a different way: the main feature is that the ag-
gregates are relatively short and that their length is com-
parable to the 65 A height of the cylindrical particles
detected in the isotropic solution by small-angle neutron
scattering [15]. Comparing Figs. 9 and 10, it is obvious
that L remains approximately constant in the H phase.
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columnar length, calculated by multiplying the number n by the
constant value of 3.43 A, has also been reported. The Ch to H
phase transition occurs at about ¢ =0.40.

In contrast, in the Ch phase the aggregates grow in
length with increasing concentration and with decreasing
temperature. Noticeable is the fact that the phase dia-
grams derived in [20] and [21] using a hard particle po-
tential surrounded by a weak, short-range repulsive step
potential are in good agreement with our findings.

According to our results, the H phase is then formed
by columns of stacked disks of radius R and average
length L. If the center-to-center distance along the
cylinder axis C is written as C =L + A, the end-to-end
distance between the two aggregates A reads as

27R?

A=L —_—
V3c,a?

Figure 11 shows the end-to-end distances calculated
using R =13 A from the data reported in Fig. 4. As L
was found to be approximately constant in the H phase,
A may be converted to absolute unit using the data of
Fig. 9. For low temperatures, the end-to-end distance is
approximately 9 A —independent of concentration—
while for high temperatures, A increases depending on
the concentration up to 60 A (35% of L). Note that the
two points with the highest values of A in Fig. 11 are re-
lated to the region of phase coexistence, so that the as-
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.FIG. 11. Axial end-to-end distance A between cylinders in
the hexagonal phase versus the weight concentration of d(pG)
for different temperatures. The distance A is plotted in units of
the cylinder length L.

sumption that the concentration of water in the hexago-
nal phase is equal to the sample concentration could be
no longer valid. Note also that the end-to-end distance
must not be regarded as thickness of a water layer, like in
a smectic phase, because there is no correlation between
the position of the columns in the axial direction.

Interpreting those data, we arrive at the following
model for the d(pG) columnar polymorphism. Starting
from high concentrations, at low temperature the added
water mainly increases the lateral distance between the
cylinders, at the expense of the end-to-end separation
which remains constant. The aggregates have a well
defined length. Nevertheless, as the axial distance is fair-
ly small and constant, they behave like “infinite” objects,
longer than the flexibility persistence length. As dilution
proceeds, the lattice parameter increases (with exponent
—1) until the hexagonal packing turns unstable relative
to the Ch phase. The maximum value of a /2R turned out
to be 1.4. In contrast, in the cholesteric phase, the aver-
age length of the aggregates decreases with decreasing
concentration and with increasing temperature.

At high temperature, the columns are indeed finite
“rigid” objects, as though L is unchanged with respect to
the low temperature case. In fact, even if the flexibility is
expected to increase with temperature [21,25], dilution
now mainly determines an increase of the end-to-end dis-
tance, so that the aggregate length is smaller than the
persistence length. As a consequence, the increase of a is
much slower (exponent —1). However, the aggregation
is weak: as the average aggregate size is small, the
cholesteric phase disappears. To reach the point of insta-
bility versus the Ch phase, a higher quantity of water is
needed. But the end-to-end axial separation has already
increased up to 35% of the length, resulting in a very
loose packing, so that there is a direct transition to the
isotropic phase.

By increasing the ionic strength of the solution, we ob-
served a stabilization of the liquid crystalline phase pos-
sessing higher symmetry. This stabilization is accom-
panied by an increase in the two-dimensional hexagonal
lattice parameter, whereas the number of stacked tetra-
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mers, i.e., the average length of the aggregates, remains
constant within the experimental errors. As a conse-
quence, the end-to-end distance A between the aggregates
is strongly reduced. For example, at a concentration of
50%, the value of A in KCl is 13% of L, compared to
30% in pure water. In this condition, the aggregates
remain sufficiently elongated, so that the phase
boundaries shift to lower concentration, as one might ex-
pect in analogy to theoretical results [21]. Both
cholesteric and-hexagonal phases are more stable: how-
ever, as before, the increase of the end-to-end distance ob-
served at high temperature, resulting in a small average
elongation of the aggregate, determines the disappear-
ance of the cholesteric phase.

The effect of 4M KCl may be attributed to a specific in-
teraction of K* ions, which have the appropriate size to
keep together two tetrameric planes via coordination
with the eight oxygens of the guanine moiety, so that the
rods move apart mainly laterally as dilution proceeds.
According to what was observed in charged lipid systems
[29,30], the decrease of the water activity might also be
taken into account, as it will influence the building up of
the hydration shell. Therefore, the modified balance be-
tween hydration repulsion and solvent-structure-
mediated attraction [29,31] between charged cylinders
could push them apart. Yet the interplay between ions,
the hydration shell, and charged phosphate groups
remains to be fully investigated.

Our data indicate that the distribution of water in the
hexagonal phase is determined mainly by the lateral in-

teraction between the columnar aggregates. The temper-
ature dependence of the hexagonal cell dimension and the
high temperature phase behavior, however, show also
that axial interactions, mediated by the presence of ions
and maybe by correlated water, play an important role.
The results indicate that d(pG) aggregates, which are
short in length, are also rather straight and rigid,
confirming that flexibility may significantly influence the
relative stability of mesophases only for long aggregates,
i.e., when the aggregation is strong [24]. Further work
will have to concentrate on the dynamics of these colum-
nar aggregates in order to obtain more information on
the microscopic nature of these interactions.

Note added in proof. Very recently theoretical and ex-
perimental results clearly demonstrate that the exponent
in the power-law dependence for the variation of the di-
mensions of the hexagonal unit cell with volume concen-
tration for monodisperse rigid spherocylinders that grow
in length with concentration (see Sec. III B) must be
greater than — 1 [P. Mariani and L. Q. Amaral, Phys.

Rev. E (to be published)].
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(a) (b)

FIG. 1. Schematic representation of the microscopic struc-
ture of d(pG) aggregates. (a) Stacking of the disk-shaped tetra-
mers. The spherical legands symbolize the residual sugar groups
(R). (b) In-plane structure of one tetramer.
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FIG. 3. Phase diagrams of d(pG)-H,O (lower frame) and
d(pG)-4M KCI (upper frame) as deduced from our measure-
ments (concentrations in relative weight). I, isotropic, Ch,
cholesteric, and H, hexagonal phases. Shaded region: phase
coexistence. The lines give the positions of the phase transitions,
the width of which was determined to be below 5%. In the
hatched areas, we have no measured data.



