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Abstract: This paper describes an experimental method for determining the relative stabilities of hydrogen-bonded

aggregates in terms of the mole fraction of dimethyl sulfoxide (DMSO) in chloroform solutioo, /DMSo, required to

cause their dissociation. It also describes three indices-ft-, /6, rrnd I1J(N- l)-that estimate the relative stabilities

of hydrogen-bonded aggregates. Each of these indices depend on two variables: HB and N. FIB is the number of

hydrogen bonds holding the aggregate together: N is the number of particles in the aggregate. The melting-point

index, lrrn: HB/(N-1), corresponds conceptually to a "melting point" for the aggregate, that is. a temperature at

which it would dissociate into separate particles. This index is the most useful of the three for "rule of thumb"

estimation of relative stability if assembly occurs cooperatiuely. The free energy index, 1c:2.8HB - 16(N-1).

corresponds to a free energy of assembly, AG, with units kcaVmol. The index Ic/(N-l):2'8HBl(N-l) - l6

corresponds conceptually to a free energy of association per particle, AGI(N-1). This third index is most useful if

assembly occurs noncooperatiuely.

Introduction

We and others are interested in the design, synthesis and

characteization of aggregates held together by non-covalent

interactions (especially hydrogen bonds).r-12 Estimating the

stabilities of these aggregates is a fundamental challenge for

non-covalent synthesis, since they typically involve competing
(and sometimes large) terms for the enthalpy and entropy of

association. Qualitatively, the larger the number of interacting

particles in the aggregate, the larger the area of molecular surface

that is brought into contact and (in principle) the more favorable

the enthalpy of formation: correspondingly, the larger the

number of interacting particles, the more unfavorable the entropy

of formation.

Theoretical and computer-based models for estimating en-

thalpies of interaction of organic groups are highly developed.13

Although the extension of these techniques to non-covalent
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Predicting the Relative Stabilities of Multiparticle

Hydrogen Bonds and the Number of Particles and Measuring

systems is at an earlier stage than those for covalent svstems.

the collective intuition of organic chemists about enthalpte, t:

strong. The capability to estimate entopies is consrdcrablr

weaker: characteristics of both the aggregating molecules and

of the solvent contribute to the total entropy. The equattons

describing these contributions are too complicated for "back-

of-the-envelope" use, and computer simulations are still tcxl sltlu

to estimate changes in entropies for association of lar-ee non-

covalent molecules and aggregates.l3

Although it is difficult to estimate free energies of formatron

of aggregates, the increasing importance of non-covalent ag-

gregation to organic chemistry-especially to molecular recocni-

tion and to the association of biological molecules-requlrcs

methods to guide thinking and design and to rationalrze

experimental results. A series of studies-starting with rer ieu s

and analyses of experimental studies by Page and Jencks. -rs

extending to the detailed discussions of Williams.i6 l(r and

including computational studies of Still,2l'22 Jorgenson23'l't .n6

Gavezzotti25 -represent the most helpful analyses to date.
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Relatiue Stabilities of Multiparticle H-Bonded Aggregates

We have been studying a series of hydrogen-bonded ag-
gregates based on a single, non-covalent motif: the cyclic

CA:'M: rosette from derivatives of cyanuric acid (or barbituric

acid) and melamine.8 We needed a rule of thumb to help us

estimate the competing contributions of different patterns of

covalent and non-covalent connectivity among large numbers
(up to 10) of particles based on this hydrogen-bonded motif.

More interacting particles implied a larger and more favorable

enthalpy of aggregation from the networks of hydrogen bonds,

and a larger and more unfavorable entropy of aggregation; this

unfavorable entropy could be mitigated by linking appropriate
particles covalently but at increased synthetic effort.

The impetus for this report is our empirical observation that

the relative stabilities of the series of hydrogen-bonded ag-
gregates seem to be reflected in the magnitude of the ratio FIB/
(N-1), where HB is the number of hydrogen bonds and N is

the number of particles. Conceptually, this ratio reflects the

competing contributions of enthalpy and entropy: formation of
larger numbers of hydrogen bonds would be reflected in more

favorable enthalpy; aggregation of larger numbers of particles

would be reflected in more unfavorable entropy. We observe
that aggregates that have higher values of FIB/(N- I ) are more
"stable" than those with lower values.

The meaning of "stability" requires careful definition. The
practical definition of a stable aggregate is one in which the
components are largely in the form of the aggregate at a
concentration of interest. The stability is not reflected simply
in the magnitude of AGo for aggregation, since the effect of

concentration (and therefore of entropy) on the extent of

aggregation is not indicated by AG" (which assumes that both
aggregates and components are at I M).

To make this point clear, consider the aggregation of N simple
monomers, A, into the monocomponent aggregate ANr (eq 1).

The most useful, intuitive measure of stability is the extent of
aggregation, 0, (eq 2) at a total concentration of monomer (Ao,

eq 3) added to the solution; 0 represents the completeness of
conversion of monomer units into aggregate. Here, K is the

equilibrium constant (eq 4). Rearranging eq4 yields eq 5, and

the concentration of free monomer, [Al, is given by the solution

to eq 5.
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Figure 1. The dependence of the extent of formation of the aggregate,
9. on the total concentration of monomer, [AJ, and the equilibrium
constant (Kr.r) using eqs 5-6. (a) Two-particle aggregate; N : 2. (b)

Six-particie aggregatet N : 6.

aggregates with Ko - l0r5 M 5 (AG - -21kcaUmol) and K2
: 106 *-t 1AG - -8 kcaVmol). At first, it might seem that

the six-particle assembly is more "stable", since it has the greater

value of K and the more negative value of AG. Figure I shows,

however, that at [Aol : 100 prM, the six-particle aggregate is

almost fully dissociated (0 : 0.05), whereas the two-particle

aggregate is almost fully associated (0 - 0.95). The key issue

here is that the value of 0 depends strongly on N; Kp and AGo

do not correlate in a simple way to 0.

We introduce three indices-fu-, Ic, and 1cl(N-1) (eqs

7-9)-that reflect the compromise between enthalpy and

entropy in determirung the stabilities of self-assembling, non-

covalent aggregates: the formation of hydrogen bonds favors

assembiy enthalpically; the association of multiple particles

disfavors assembly entropically. This paper summarizes an

analysis of the problem of estimating a stability in terms of

these three indices.

/r_ (7)HB: -
N -  1

lAol : tAl +NlANl (3)
Io :  2 .8(HB) -  l6 (N-  1)

I G  
- ? R  H B

N -  I  
- ' - N - T -  1 6

(8)

[A"]
L / -^ - - - - ; -

lAl"

lA.l - [A]

NIA]'
(e)(4)

KN[A]N+tA l  - [A" ]  :0  (5 )

Figure I gives 0 for N : 2 (eq 5 is solved analytically in
this case and yields eq 6) and N: 6 (eq 5 is solved numerically).
Compare, for instance, the two-particle and the six-particle

Our concepts of 1r,n, Ic, and 16l(N- 1) are different. Briefly,

1r,,, is proportional to a temperature at which AG : 0. For

assemblies that are highly cooperativs,.Ir,n is proportional to a
"melting temperature", much like the melting temperature of
double stranded DNA.26 In this study, we measure "melting"

in terms of a change in the state of aggregation as a function of

(26) Cantor has shown the melting temperature of double-stranded DNA
is affected by the mole fractions of GC and AT base-pairs. That is, /r- is
a function of the number of hydrogen bonds, HB, in the complex; with
double stranded DNA. N is constant and equals two.

(6)

N = 2

Q ( = 1 6 5  Y - 1
l K = 1 0 6  M - 1
OK =  107  M- l
OK  =  t os  M-1
D K  =  1 0 s  M - 1
. K - 1 0 1 0 M - 1

N = 6

o x=l6-'s r,a-s
I  ( = 1 6 1 5 y - 5

O  K  =  1 g 1 7 Y - 5
a  K = 1 0 1 9 M - 5

+ 8K[A"]
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Chart 1. Schematics of the Nine Aggregates Examined in This Worko
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the concentration of a hydrogen-bonding solvent (such as-
DMSO); we do not measure melting as a function of temper-
ature. We will clarify later the equivalence of solvent and
temperature for measuring melting. 16 takes the form of the
equation for free energy, and has units of kcaVmol. Finally
we propose an index,lcl(N-l), that we feel may be cumber-
some, but may be the most accurate of the three in its predictions
of stability for noncooperative assembly: Icl(N-1) is a
condensation of the first two indices (eq 9), and correlates
roughly to the average free energy of association of each particle
in the assembly. For stable, noncooperative assemblies, IGI(N-
l) must be above some minimum value for aggregation to yield
a stable species.

These three indices provide useful measures of stability; we
believe that they will be helpful to the community studying
molecular recognition. As both HB and N are known prior to
the synthesis of the aggregate, we currently use both HB/(N-
1) and Ic/(N-1) to guide our own choice of target molecules.

This paper introduces an experimental measure of stability:

X,Wo. This index is defined as the mole fraction of DMSO in
chloroform solution at which half of the aggregate has decom-
posed into components (that is, at which 0 : 0.5). The value

of X?#to is a convenient experimental measure that correlates
well both with our intuitive measure of stability (magnitude of
0) as well as with HB/(N- 1) (and, therefore, with both fu6 and
Icl(N-1).

Organization of this Paper. We begin by introducing the

aggregates prepared to date and discussing the experimental

methods used to determine their relative stabilities. including

/?#to (obtained by titrating solutions of aggregates with

DMSO-do). We tabulate values of fu-, /6 and Ic/(N- 1) for

the aggregates and interpret these indices. Finally, we discuss

the assumptions we have made in relating A// and AS to I-IB

and N- 1.

Hydrogen-Bonded Aggregates and the Experimental De-

termination of Their Stabilities. Chart 1 shows the nine

aggregates used in arriving at ft,,.,. 16 and lcl(N-l). Chan 2

provides the molecular structures of all of these aggregates. The

nine aggregates are all based on the lattice formed by altemating

molecules of isocyanuric acid (CA" white disks) and melamine

M, dark disks). We refer to the motif common to all of these

aggregates-six molecules of CA and M arranged in a circle-as

a "rosette". Each rosette is stabilized by l8 hydrogen bonds.

These aggregates are shown in order of stability, with two

notable exceptions: aggregates L and 7 are less stable than their

positions in the chart reflect, mainly due to large changes in

conformational entropy during assembly. The arms that com-

prise the M components in both these structures are composed

almost entirely of single bonds (Chart 2), and are conforma-

tionally flexible; these arms are shown as wavy lines. We have

discussed the techniques used to characterize these aggregates
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Chart 2. Molecular structurcs of the components Comprising the Nine Aggregates Examined in This Work'
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elsewhere.8'27 y7" have inferred the stability of these aggregates

using four semiquantitative and qualitative techniques: "titra-

tion" using hydrogen bonding solvent, gel permeation chroma-
tography (GPC), and electrospray ionization mass spectrometry
(ESI-MS). The results from these techniques are shown in Chat
1 .

Dimethyl Sulfoxide Titrations. We obtained a significantly
more accurate measure of stability by using tH NMR to establish

the extent of aggregation, 0, as a function of the mole fraction
of DMSO- du, Xo*to (Figure 2), in chloroform. Phase separation
was not a problem using DMSO-do. Heating and sonication of

the samples prior to data collection, and collection of data of

the same sample for many days, helped to assure that the

Hub(MMM)3
(6)

aggregates were not trapped in a kinetically stable (but

thermodynamically unstable) state. We used one of two

methods to estimate the value of 9: monitoring the appearance

and growth of a new peak corresponding to dissociated

components with increasing XDMso' monitoring a gradual change

in chemical shift from a position corresponding to aggregate to

one corresponding to dissociated components. Generally, the

first method is appropriate when the kinetics of assembly are

slow on the NMR time scale, and the second is appropriate when

the kinetics of assembly are fast. Both of these methods require

that we assume a two-state model (fully associated aggregate

going to fully dissociated components).

We applied the first method based on the appearance and

disappearance of isolated peaks to all aggregates except for

aggregate 9; these remaining eight aggregates gave peaks that
(27) Cheng, X.; Gao, Q.; Smittt, R. D.; Simanek, E.

Whitesides, G. M. Rapid. Comm. Mass. Spec. 1995,9,
E.; Mammen, M.;
3r2-3r7 .

c

Hub(MM)3
(2,4)

,+tr'tr)
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Figure 2. We used lH NMR specffoscopy to measure the extent of
aggregation. d. as a function of the mole fraction of DMSO -du, X'*tot
four representative plots are shown. We estimate the values of 0 using
the areas of peaks corresponding to the associated aggregate or
dissociated components for all aggregates except aggregate 9. For this
a*sgregate. we use changes in the value of d, the shift (downfield from
TN{S. measured in ppm) of lines corresponding to the methylene protons
of diethylbarbital as a function of Xotto. The value or z?#to in this
case is defined as the value of /DMSO where the shift of the protons is
hali that separating the diethylbarbital in aggregate and in soiution in
the same solvent (that is where Ad : ( l /2)Ad.- , ,  ,r5). The error tn
the values of 0 is less than 157c, as reflected in the error bars. Lines
connectin-q the data do not reflect a mathematical function, but serve
as guides to the eye.

were characteristic of either the fully associated aggregate (in

chloroform) or the fully dissociated components (in DMSO).

We used the integrated areas of these characteristic peaks
(Aasso.iut.d &nd A4155sgiut o) to estimate the value of 0 (eq l0). Two

examples of such characteristic peaks are the hydrogen bonded

hydrogens of CA (which appeared as two singlets trt dps :

l4- l6 ppm downfield from TMS in the associated form, and

as a singlet at dxs - 10.4 ppm in the dissociated form) and the

benzylic hydrogens of Hub(M)3 (which are diastereomeric and
appear as two pairs of doublets at d6s, - 4.2 ppm and dcH,:

5.8 ppm in the associated form, and as a singlet at d6s, - 5.0
ppm in the dissociated form).28 These peaks are sufficiently

isolated and their splitting pattern sufficiently characteristic that
we identified them readily and were able to obtain accurate

integlations: other regions of the spectrum-especially the

aromatic region between 6 and 10 ppm-are crowded with many

overlapping peaks. For these aggregates, we define the mole

fraction of DMSO- da that causes half the aggregate to dissociate

(that is. where Aassociated : Adissociate d, 0 : 0.5) as X'Xto.

Aassociated

1.00

0 .80

0.60
e

t)..10

0 .10

0 .00

v DMS0
l \ l /2

0.31

0.1

o.oo1- I
.0.20

o'  assoclateo
Aassociated * Adirro"iut"d

Aggregate 9, which we suspect is the least stable among the
aggregates we examined, showed no isolated, characteristic
peaks that corresponded to the associated aggregate that were

distinguishable from peaks of the dissociated aggregate. For

this aggregate we applied the second method of determining 0

as a function of /DMSo. We monitored d, the shift (downfield

from TMS, measured in ppm) of lines colresponding to the
methylene groups -CHz- of diethylbarbital. For each mole

fraction of DMSO lrotvtso' defined as the moles of DMSO

divided by the sum of the moles of DMSO and chloroform),

(28) Use of either set of peaks gave the same results. It may be
noteworthy, however, that for aggregates comprised of Hub(Mh, there
appeared a new peak at approximately 11.5 ppm that seemed to grow with
increasing mole fraction of methanol, then disappeared completely at lNVo
DMSO. It is possible that this peak represents a partly dissociated aggregate
and that a three-step model more accurately describes the dissociation of
certain of the aggregates.

-0.30
- l l  I rm

Figure 3. The experimental values of Z?lto are piotted against -ft,n

(Figure 4 derives the forms of this plot). The slope gives the value of

TCvIDHB : 3.45 (unitless). The open circies indicate the position of

the flexible aggregates that is predicted using the stability indices. and

the closed circles are the measured values. The error bars represent a

5Vc ercor (in aggregates l-3. 7-9) or a l\Va error (aggregates 4-6)
D\,lSO

l n  t n e  v a l u e  o I  / , t r :

we determined the shifts of these protons in two solutions: one

solution contained only diethylbarbital (d3""): the other solu-

tion contained diethylbarbital and the appr<ipriate number of

equivalents of the melamine component (dA!.) If the shift of

the -CHz- groups of diethylbarbital in fhe aggregate is

dl,. . the mole fraction of the aggregate in the mixture

(6?'iotu) is then given by eq 11. we define /?,yto as the value

of TDMso at which Ad : ( l l2) L6^^x.CH,cl,  0 :  0.5.

dr#2 - d3"2 ad ( 1  I  )
a!"2 - a!"2 ad,""^.PMSo

There is undoubtedly a great deal of information in the precise

shape of the dissociation curves. especially regarding cooper-

ativity of assembly and disassembly. We restrict this work to

trends in relative stability and do not explicitly address

mechanisms of assembly: that is, we do not analyze the shapes

of these curves in this work. We extract values of lf,fto for

four aggregates that span a wide range of stabilities (Chart 1).

The value of Z?#to correlates with - l/ft'o (we derive this

relationship later). Since I1J(N- l) correlates with ft'n, the value

of Z?#to also correlates with /c/(N-1).

Aggregates 1 and 7 deviate significantly from the pattern of

stabilities predicted using the stability indices (Figure 3). Both

of these aggregates share a colTlmon feature: the arms compris-

ing the melamine component are flexible. and the changes in

conformational entropy. AS.onr. on assembly may be significant.

A significant change in the value of AS.ons disfavors assembly

and decreases the mole fraction of DMSO required to dissociate

the aggregate.2e

Gel Permeation Chromatography. Chart I shows the form

of the GPC traces of these aggregates. GPC is a size exclusion

technique. Small aggregates-with size defined as the hydro-

dynamic drag, which is usually estimated as mass raised to an

exponent between ll2 and I, often 2|3-partiion into the matrix

to a greater extent than large ones, and take longer to emerge

from the column. This technique is normally used to yield

information on molecular weight; we infer stability from the

shape of the peak. That is, stable aggregates elute from the

(29) Mammen, M.; Shakhnovich, E.; Deutch, J. M.; Whitesides, G. M.
J. Am. Chem. Soc. 1996, in preparation,

O?tto:

(10)
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column as sharp peaks; less stable aggregates that undergo slow

dissociation on the column produce peaks that tail.3O

Electrospray Ionization Mass Spectrometry (ESI-MS).

Aggregates that are stable to electrospray ionization (indicated

with a "*" in Chart 1) gave peaks corresponding to the

aggregate. We assume that other aggegates did not show any

peak corresponding to the aggregate (indicated with a "-"),

because they were either unstable to the ionization or fragmented

rapidly during analysis.

Conceptual Bases For fu., Ic and /c/W-1). In this section,

we discuss the concepts on which 1r-, 1c and 16l(N-1) rest.

We include a limited number of mathematical expressions, but

most of the arguments are qualitative. The discussion is divided

in three parts: Ir^, Ic and lcl(N- I ). The three indices are

consistent with experimental trends of stability. The values for

these indices for nine different aggregates are shown in Chart

l .

Stability is Proportional to fr- : HB(N-1). The stability

of double stranded DNA is described universally in terms of a

melting process.26 The melting temperature, 7-, is the tem-
perature (r(l at which the double-stranded DNA joined by

hydrogen bonds is half dissociated (0 : 0.5) into the two

component particles of single-stranded DNA (eqs 12 and n).26

This melting is cooperative for DNA.
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Decreasing Enthalpic Gain by
Changing loMso

TaS = -TC5(N-1)

Incrasing Entropic Cost by
Changing T

A G = A H

-a''

xDMso)DHB(HB)

TAS (- - -) is constan\at fixed T
-AH (-) decreases with increasing IDMSo

AH F- ) is constant at xDMSo - o
-TAS (- - -) increases with increasing T

oL ,XDMSO

9 T^S
o t

f i l  \ I- -  I

Substituting FIB for AF/ and (N-l) for AS, we arrive at eq

7, which relates ft- to readily available parameters. We discuss

the validity of these substitutions later. Because ft6 ?SSUmes

that the dissociation of our hydrogen-bonded complexes can

be treated as a fully cooperative phase-transition-like process,

it will be incorrect to the extent that there are no intermediate,
partially formed aggregates of comparable stabiiity involved.

The ease at which fu6 c?n be computed, and the consistency

in its results, both make this index very useful in qualitative

discussions of stabilities of proposed new aggregates.

The most important assumption in using these indices-

especially in using (N-1) as a sulrogate for the entropy of

assembly-is that the changes in conformational entropy, AS.onr,

are comparable among the aggregates being compared. Two

aggregates in this work, 1 and 7, are less stable than predicted

using any of the stability indices. The failure of the stability

indices in these two cases reflects a breakdown of the hypothesis

that conformational entropy could be ignored.

Relationship betweer 1r- and /rfso. The value of ft- is

obtained by setting AG : 0 and solving for I (eqs 12-13).

Figure 4 illustrates that there are two limiting ways, in principle,

that AG can be made to equal zero experimentally: the favorable

enthalpy A,Fl can be decreased until L,H : IAS (left side), or

the unfavorable entropy 7"AS can be increased until Al1: ZAS
(right side). Experimentally, the A,H can be decreased by

(30) The precise shape of the peak in the GPC trace is a complex function
of the rate of disassembly (relative to the time of the GPC experiment), of
the mechanism of disassembly, and of the solubility of the components
(the CA components-especially those containing two and three CA
groups-have low solubility in chloroform). For insoluble CA components,
such as those in aggregates l-3 and t, the shape of the GPC traces implies
a greater stability than determined from titrations using DMSO-experiments
that we feel are more accurate than any of the other methods discussed.
Specifically, aggregates 1 and 8 give reasonably sharp GPC traces but are
dissociated by low mole fractions of DMSO.

\

AG (-) increases with T

H B
l T - d  l m ( -

( N - 1 )

Figure 4. Relationship between ft. and the experimental values XDMSO
and I. expressed in terms of AG, All and AS (see text for details).

decreasing the net enthalpy of each hydrogen bond by adding

a solvent that competes with the components of the aggregate

for hydrogen bonds. Experimentally, the ZAS can be increased

by increasing the temperature. We chose the former strategy

and titrated nine different aggegates in chloroform solution with

DMSO.

Stability Proportional to IG : DHB(HB) - fCs(N-l).

Unlike h^,lc does not assume a value for AG: the value of 16

for the assembly of N particles into one is proportional to AGfir

and has units of kcaVmol. We convert HB and (N-1) into

energy terms by introducing two constants: DHs (the enthalpy

of a single hydrogen bond in the aggregate from the separate

components in CHCI3 solution, in kcaVmol), and C5 (an entropy

term with units kcal mol-l degree-l particle-l). We estimate

values for Dss and Cs later in the text to arrive at a numerical

expression for 16 (eqs 14- 16) for small organic aggregates at

room temperature.

AG: Afl - fAS (14)

A,H n DHB(HB) - 2.8(HB) (15)

ZAS * rCs(N- 1) : 16(N- 1) ( 16)

The success of 16 in predicting stabilities depends on the

accuracy of the values used for DHs and Cs. 1r- is independent

of these values.3i We have calculated values of Ic for all of

the aggregates listed in Chart 1. As we illustrated earlier, the

value of 16 (or of AGfir) for self assembly is not the most useful

measure of stability; that is, 16 is not related simply to 0.

Instead, we propose that a version of /6, namely 16/(N-1), is

more useful, especially for noncooperative assembly. We

discuss this parameter next.

Stability Proportional to 1cl(N-1) : DnsHB/(N-l) - TCs.

This stability index is a condensation of the previous two, and

perhaps conceptually the most meaningful for noncooperative

(31) Brenner, S. L.;Zlotnick, A.; Stafford, W.F., IIIJ. Mol. Biol.1990,
216 ,949-64 .

0 -
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assembly, Consider the formation of the homoaggregate AN
from N particles of A as a series of simple equilibria.

K)
A + A * A ,

K3

A + A2:A,

:

KN

A +  AN1*A*

If each of these steps is considered thermodynamically identical,
then K2 : K3 _ K1q (that is, the assembly is fully
noncooperative), and Kp and AGlr are given by eqs 17-18,
where K1 and AGiare the binding constant and free energy for
adding one particle to a partially formed aggregate.

K: KrKr...K" : Kiu

Mammen et al.

A^H :AH"o* + AFlcc + AFIBS + AF/HB (20)

We expect that the total change in vdW interactions on
assembly is small (A//uaw ry 0): the strength of the vdW
interactions among the particles in the assembly and with solvent
are likely to be similar in magnitude. There are no charged or
ionizable groups in any of the complexes we consider, and
therefore Af166 = Q.

The magnitude of bond strain is difficult to estimate and
probably differs among aggregates,36''11 6u, the aggregates that
have similar structures should have similar values of AFls5 for
assembly. We have previously synthesized four-particle ag-

$egates that varied in the expected strain: the aggregate with
the greatest strain was the least stable.rs Since we are most
interested in comparing the members within a family of related
aggregates (that is, we are interested in the difference between
values of A,F1, AAFI), contributions to enthalpy that are constant
for all members of the family of aggregates are unimportant to
us: we therefore ignore the contribution of Al1es (AA/1ss = g;

to AFl.
We hypothesize that. within a series of aggregates of related

structure. the relative enthalpy of formation is dominated by
formation of hydrogen bonds (eq 2l).

A,H x AH"" (2r)

If the assembly comprises particles that are connected by
structurally similar hydrogen bonds, the value of AilHs is a
product of the number of hvdrogen bonds (HB) and the auerage
net enthalpv of formation of each hydrogen bond (Dne) in the
soluent of interest (eq 22). An example of calculating Dns is
given by eqs 23 and 24.

AH"u : -D"'(HB) (22)

clsc\ (x) attl rtl
H .
1l (s) ,^ 

t, 
,H

H. ,p  c l2Hc-ct - - -FFN H o- . . " - -F l r

;^-( F,, ,, )"< ):*, H
.1 'H-* cr-cx'. (r, FNI : o< /-" ( ,F(

rfl fN R r-F\ fN R
|  

/  
o ** '* I  

)  
o'" '  ' t+-Nr, 

+zcHCr3
Diethylbsbirat (CA) M€lmrne (M) CAM SS

i23\

AH"" : (AHcer,a + AHrr) - (AHces + AFlMs) :2Dun

Q4\

HB Is Proportional to the Total Enthalpy of Associa-
1ion.a2'43 The generality of eq 10 may be limited by at least
three factors: (i) The ualue of Dua is dependent on soluent.
The value of DHs depends on solvent (S) (eqs 13 and 14)
(AHss). Table I suggests the range of DHs in two systems
similar to those examined here. Because the value of Dgg

(39) Nikolic, A. D.; Rozsa-Tarjini, M.; Komaromi, A.; Csanadi, J.;
Petrovic, S. D. "/. Mol. Struct. 1992.267. 49-54.

(40) Will iams. L. D.; Chawla. B.; Shaw, B.R. Biopolym.1987,26,591-
603.

(41) Chi, X.; Guerin, A. J.; Haycock, R. A.; Hunter, C. A.; Sarson, L.
D. J. Chem. Soc., Chem. Commun. L995,2563-2565.

(42) In systems other than our own, VDW and CC interactions may not
be negligible. If the energies of VDW and ES are either (i) proportional to
the number of hydrogen bonds or (ii) similar in magnitude among the
aggregates, then differences in HB are still proportional to the relative
energies of assembly.

(43) In self-assembling systems based on charge-charge interacrions or
metal-ligand chelates, the analysis would be parallel to that reported here,
with the number of charge-charge interactions or metal-ligand interactions
replacing HB.

(r7)

a G : , -  L G i +  A G i + . . . A G i - ( N -  1 ) A G :  ( t 8 )

Thus one limiting way of comparing stabilities of aggregares
having different numbers of particles might be to calculate the
average free energy for each on dissociating one particle of
aggregate (or a subaggregate) into two particles (that is, AGD.
We have already shown that the total free energy of assembly
AGf;r is proportional to the value of 16. Thus eq 18 yields eq
1 9 .

AGo: # * # : r""("*) - .r, (1e)

Icl(N- 1) thus represents the average free energy of assembly
per panicle, and is equal to the enthalpy of assembly per particle
minus a constant that is equal to the entropy of assembly per
particle. For noncooperative assemblies. the complexation of
each particle to a partially formed assembly must occur with a
favorable free energy (that is, a favorable 16/(N-1)). An
example may be the formation of extended, hydrogen-bonded
tapes in organic solvent. High values of IGI(N-I) therefore
correspond to stable aggregates, and low values correspond to
unstable aggregates.

HB Approximates AII; N-l Approximates AS. The final
section of this paper reports the assumptions that we use to
justify our approximations that FIB n L,H and that (N-l) -
AS. and estimate values for both proportionality constants.

Enthalpy (A',EI) is Proportional to HB. Four rypes of
interactions contribute to the value of AFl on assembly of N
particles (eq 20): the enthalpy of van der Waals interactions
(Al1"aw),32 of charge-charge interactions (AF166),333a og bond
strain (A,Fls5),35'36 and of hydrogen bonds (AI1rr;.:z-+o

(32) Jorgensen, W. L.; Severance, D. L. J. Am. Chem. Soc. 199O, I12,
4768-4774.

(33) Jorgensen, W. L.; Pranata, J. J. Am. Chem. Soc. l99l0, il2,2008-
2010.

(34) Schneider, H. J.; Rdiger, V.; Wang, M. NATO ASI Ser., Ser. C 1994,
426 .265-276 .

(35) Chin, D. N.; Gordon, D. M.;Whitesides, G. M. -/. Am. Chem. Soc.
1994. r 16. 12033-12044.

(36) Bond strain occurs when the conformation adopted on assembly
requires that bond lengths, bond angles, and torsional angles deviate from
values in the uncomplexed particles. we believe that differences in BS are
related to the degree of planarity (DP) of the rosette; we have addressed
this issue in Chin, D.; Gordon, D. M.; Whiresides, G. M. J. Am. Chem.
Soc. L994. 116.12033.

(37) Klotz, I. M.; Franzen, J. S. J. Phys. Chem. 1962, 84,346I-3466.
(38) Nikolic, A.D.; Tarjani-Rozsa, M.;Perisic-Janjic, N. U.; petrik, A.;

Antonovik, D. G. "/. MoL Struct. L90. 219.245-250.
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Table 1. Values of Ds6 GcaVmol) for Interactions between
Adenine and Uracil and between Two Molecules of
N-Butylacetamideo

solvent 2N-butylacetamide3s-40 adenine*uracil3s-a0

J. Am. Chem. Soc.. VoL I18. No. 50. 1996 12621

lc 2 '- \  (gn'r*r\ l l* ' \
As,o, (N- l)R lnf g!:Llfi"l - R lnt* tt; | : c,o,- - ro l  \ -  ,  

\  h2 l \ - r ,  \  h2 l \ I r  l
(N- 1) - d.o, - C.o,(N- l) (27)

The terms in eqs 26 and 27 are the fundamental constants R,
k, e, xr and h, and the variables concentration (N/l|, the average
mass of the particles that comprise the assembly (Mp), the mass
of the assembly (Mu.r), the average moment of inertia of the
particles that comprise the assembly 17p), and the moment of
inertia of the assembly (Iu.,). In eq26, the value of do-,, depends
on the rutio Mur"lMp. We will show later that for the aggregates
in this study, the value of do-. is less than 20Vo of the value of
Co-.i we therefore ignore it. Similarly, for AS.o,, the value of
the small correction d.o1 is less than 2OVo of the value of C.o1:
we therefore ignore it as well Both A,Srr-. and A,S.o, are then

directly proportional to (N-1).

Estimating the contribution from conformational entropy
(AS.oni) is difficult: we believe that comparing the entropy of
assembly of different aggegates within a family is possible only
if the contributions from conformational entropy are expected
to be similar (for systems in which the flexibility of the
melamine components are similar).sl In this work, we provide

two examples (aggregates 1 and 7) where AS.ont may be
significant. and for which the aggregates are less stable than
predicted using the stability indices. For example, hub(M)3:
3CA (hub) (aggregate 5) and flex(M)3:3CA (flex) (aggregate

7) are both assemblies of four particles that form a monorosette.
Although the value of /1,n : 6 for each aggregate, the aggregate
based on hub (which is conformationally rigid) is more stable

(has a higher value of X?,Yto) than the aggregate based on flex
(which is conformationally flexible) (Figure 4).35

We ignore the entropy of the solvent (AS.ot) in the final
analysis for several reasons: (i) The ualue o/ ASrol may be
negligible. When adenine and uracil associate, 2-4 molecules
of solvent are released into the bulk solvent. The change in
translational entropy for this process varies inversely with the
concentration of the molecules (N/V; eq 9). The concentration
of molecules of solvent in the liquid phase is, in general, large
(the concentration of CHCI3 in pure liquid at 25 oC is 8 M),
and the change in translational entropy for release of 2-4
particles into bulk solvent is correspondingly low. (ii) AS,"y is
proportional to (N- 1). If the number of molecules of solvent
associated with each particle is constanl, then the total change
in translational and rotational entropy for release of solvent into
the bulk is proportional to (N-1) (eq 28), and is accounted for
(if only crudely) by our model.

ASror !  -Crot(N- l) (28)

(iii) AS*r is constant. If all the individual particles within a
family of aggregates have a similar number of associated
molecules of solvent, then the dffirence in AS5s1 ?mong the
different members in the family (AAS,.1) may be negligible.

While the entropy of solvent is ignored for associations in
organic solvent, formation of multiparticle assemblies in aque-
ors solution is often driven by the changes in the entropy of
the solvent.3l'52 Thus our discussions are limited to systems in
which entropy disfavors aggregation. Combining eqs 25-28
yields eq 29. As an approximation, we conclude that for an
aggregate of small particles, the entropy of association is

(51) If the change in conformational entropy is either (i) proportional to
the number of particles, (N-1) or (ii) of similar magnitude in the aggregates,
then differences in (N-1) will still be predictive of relative entropic cost
of assembly.

(52) Da Poian, A. T.; Oliveira, A. C.; Silva, J. L. Biochem. 1995, 34,
2672-2677.

Dw"

gas phase
cc14
benzene
cHcl3
dioxane
water

3.8
3 . 1
2.6
0.2
0.0

7.2
3 .8

a t
J . l

r .4
'HB :  2 .  N :2  in  both cases.

depends on solvent, we restrict our attention to comparisons of
stabilities in a common solvent, and among aggregates in a
common family. (11) DHB dffirs for dffirent types of hydrogen
bonds. Hydrogen bonds within a single assembly can differ in
strength. We use a single auerage value. Again, this ap-
proximation limits comparisons to similar families of aggregates.
(11i) The ualue of HB is affected by spontaneous formation of
alternate/undesired aggregates. Our treatment assumes that
only two states are involved: aggregate and dissociated, non-
interacting components. In fact, the components can probably

form non-specific hydrogen bonds with themselves and with
each other.28 Although the importance of these interactions is
unknown, the broadening observed for solutions of the melamine
components, and the low solubility of the barbiturate in
chloroform both suggest that they may be significant. The
arguments based on fu* are still valid if the propensity to
aggregate non-specifically remains constant for the different
molecules being compared.

Estimating the Value of Dns. The enthalpy of association
has been measured by both calorimetry and by van't Hoff
analysis for a large number of hydrogen-bonding pairs (see, for
example, Table 1). In chloroform, the average value for DHs
for a hydrogen bond between an amide or imide proton and a
pyridine or carbonyl group is approximately 2.8 + 0.3 kcaV
^O1.33.34.44-49

Entropy (AS) is Proportional to (N-1). We partition the
total change in entropy on aggregation into translational entropy
(ASo*.), rotational entropy (AS-,), conformational entropy
(AS"""r) and entropy of the solvent (AS.or) (eq 25). Each term
can be evaluated separately using expressions taken from
statistical thermodynamics (eqs 26 and 27).s0

AS : ASo',, * AS.., * AS"o'r + ASrol (2s)

t Co-, (N- I )

Aso*, - (N- t,(t/ f R ln Y;znrrru;'") -

nnnf,znr4fi)'": co-, (N-r) - do-,
(26)

(44) Searle, M. S.;Williams, D. H.;Gerhard, U. J. Am. Chem. Soc. L992,
I 14, 10697-704.

(45) Legon, A. C.; Millen, D. J. Acc. Chem. Res. 1987,20,39-46.
(46) Brink, G.; Glasser, L. J. MoL Struct. 1986, 145,219-224.
(47) Rospenk, M.; Zrxgers-Huyskens, T . J. Phys. Chem. l9E7 , 91 , 397 4-

3977.
(48) Stokes, R. H. Aast J. Chem. 1968, 21, 1343-1348.
(49) Kolbe, A.; Zmmermann, C.; Wilke, R. Adu. MoL Relax. Interact.

Proc. L981. 1 9. 107 - 116.
(50) Rice, O. K. Statistical Mechanics, Thermodynamics and Kinetics;

A Series of Books in Chemistry, W. H. Freeman and Company: San
Francisco, 196'7; pp 37-80.
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propofiional to (N-11.53 ltis noteworthy that AS is proportional

to (N-1) and not to N. The physical origin of the choice of
(N- 1) rather than N is that N- 1 characterizes the net change
in the total degrees of freedom upon assembly. Of course, for
large values of N, (N-1) and N have similar values.

AS : Cr-,(N-1)+ C."t(N-1) +

AS"onr + C,or(N-1) ry Cs(lf-l) (29)

Estimating the Value of Cs. The simplest approach, and
the one we take in this paper, is to assume that eqs 26 and 27
are valid in the condensed phase, and assign reasonable (or

typical) values to the variables in these equations.5a-56 In this
zeroth level approximation, and for the reasons discussed earlier,
we ignore any changes in both conformational entropy and the
entropy of the solvent. The value of ZC5 is then given by eq
30, where the expressions for Couo, and Cp1 &re taken from eqs
26 and 27, respectively, at 25 "C.

TCs:  TCo^r+ Tcrot :9  *  J  :  16 kcaVmol  (30)

The average mass of particles in the aggregates is dominated
by the mass of CA (approximately 300-350 g/mol). In eq26.
the value of ASo-, is proportional to fCE-r(N- 1) - Zdt r,..
The value of Zdo*, depends on the ratio of the mass of the
aggregate to the average mass of the particle. The mass of the
assembly varies from 1700-3200. Using standard conditions
for the remaining variables (Z - 300 K, NlV: 1 M), the value
of Idor.,, is then 0.81n(MurJMp), which is equal to approximately
l-2kcaUmol for the aggregates 1-9. This value for Zds-, is
small relative to (N- l)ZCt -r, and we therefore ignore it. The
value of ZCo*, is approximately 9 kcaVmol. For similar
reasons, we ignore the small value of ldro,. The value of TCro,
is approximately 7 kcaVmol. Both Zdo-, and ld.o, decrease
the entropic cost of assembly by a small amount; by ignoring
them, we may therefore be overestimating AS,o,. From these
estimates, we conclude that the value for C5 is approximately
16 kcaVmol in our systems. The numerical expression for 16
is given by eq 2. The units for Ic are kcaUmol, and 16 is
proportional to the free energy (AG) of assembly. Since we
have ignored the values of d6-, and d.o1, the absolute value of
16 does not deterfiine the spontaneity of reaction: a positive
value of 16 does not imply that assembly occurs spontaneously;
a negative value of 16 does not imply that assembly does not
occur. If the vaiue for Cs is accurate, however, the relative
values of /6 (A16) should correlate with AAG of assembly.

We emphasize that the numerical estimation of Cs is
approximate. There is some evidence that in condensed phases
(in solution), the calculated value for C6-, using eq26 is twice
as large as the experimental value, and that we have therefore
significantly overestimated the value of ASool:2e'57-60 in this case,
the value for TC5 would be approximately l1 kcaVmol. The
major sources of uncertainty in the value of Cs are probably
the values of ASo-. in solution (eq 14 is accurate in the gas

(53) We choose (N-1) because this term describes accurately the number
of units of translational-rotational entropy that are lost on assembly.

(54) Marcus. Y. "/. Sol. Chem. 19t7. 16. 735-744.
(55) Hyman, A. S.; Ladon, L. H.; Liebman, J. F. Struct. Chem. 199.4,5,

399-407.
(56) Treszczanowicz, A. J.; Treszczarrowicz, T. Bull. Pol. Acad. Sci.,

Chem. L989,36,339-49.
(57) Fujiwara, H.; Arakawa, H.; Murata, S.; Sasaki, Y. Bull. Chem. Soc.

1987. 60. 3891 -3894
(58) Wertz, D. H. "/. Am. Chem. Soc. 1980, 102, 5316.
(59) Fujiwara, H.; Miyagi, R.; Ohtaku, I.; Sasaki, Y. Chem. lzn. 1988,

1389-1392.
(60) Mammen, M.; Shakhnovich, E.; Whitesides, G. M. J. Am. Chem.

Soc. 1996, in preparation,

Mammen et al.

phase, but not in the condensed phase), and AS.ons. We find

that the experimental value for the ratio of DHs/TCs: 3.45 -+

0.5 (from the slope of the line in Figure 3): although this value

is consistant with a value of Dss : 3 kcaVmol, and fCs - I I

kcaVmol, we do not evaluate these parameters independently

in this work.

Conclusions

We have shown that the values of AFl and AS for assembly

of hydrogen-bonded aggregates can be approximated by DHs-

GIB), and Cs(N-l), respectively. We have also shown that

the stability index 1r- : HB/(N- 1) can be related to AFVAS

theoretically, and to /?#to experimentally. /16 mil! be the

most useful of the three for fully cooperative assemblies. We

have shown theoretically that the stability index 16 can be related

to the value of AG of assembly. Finally. we have shown that

I7J(N- l) is theoretically related to AGI(N- I ) theoretically: this

value is a free energy of assembly per particle. This last index

requires evaluation of parameters-Dss and C5-whose values

depend on the system and are uncertain in some cases. Icl(N-

I ) is therefore difficult to use, but may be the most predictive

of relative stability among a group of related aggregates that

assemble noncooperatively (for example, hydrogen-bonded

tapes). We have shown that for our aggregates, 16l(N- 1)

correlates with the experimental measure of stabili,y, Z?#to.

We believe that these indices ft'n and I:J(N- 1) represent two

limiting models for self assembly of particles in solution. Ir*

is related conceptually to a melting point. and is most useful

for fully cooperative processes . Ic,l(N- I ) is conceptually related

to a free energy per particle, and is most useful for fully

noncooperative processes. Interestingly, I6l(N- l) is related

linearly to ft,o. Both will be useful as "rules of thumb" in the

design and evaluation of hydrogen-bonded aggregates. In all

systems where the assumptions of the derivations of A,H : DHs-
(FIB) and AS: Cs(N-1) are met. this approach to evaluating

stability prior to time-consuming synthesis may be useful to

those interested in constructing large. multiparticle arrays in

organic solvent.

A substantial assumption underlying the use of these stability

indices is that the changes in the value of A5*6 are insignificant
(or at least the same) among the aggregates being compared. If

the value of AS"on1 for one aggregate is significant (or higher

than for the other aggregates), then the stability (as estimated

using X?#t1 is lower than that predicted by the stability

indices. We describe two examples (aggregates I and 7) of

such cases in this work.

The arguments presented here can be extended easily to

assemblies held together by non-covalent interactions other than

hydrogen bonds. For example. in Lehn's assemblies of

molecules held together by Cu2*'bipyndyl interactions,6l'62 OM,

the number of the organometallic interactions, would replace

F{B in both ft- and /6. In the assemblies of Hunter,63 the

components are held together by porphynn-nitrogen interactions,

and again, OM would replace HB, in principle. The values of

DHs and C5, the constants multiplying FIB and (N-1), would

have different values from those in this work; the values of

these constants may be evaluated using a combination of the

equations contained in this work, and experimental enthalpies

of various organometallic interactions. In both cases, a weak

(61) Lehn, J. M. Angew. Chem., Int. Ed. Engl. 1988, 27,89-96.
(62) Baxter, P. N. W.; Lrhn, J. M.; Fischer, J.; Youinou, M. T. Angew.

Chem., Int. Ed. Engl. 1994, 33,2284-2288.
(63) Chi, X.; Guerin, A. J.; Haycock, R. A.; Hunter, C. A.; Sarson, L.

D. J. Chem. Soc., Chem. Commun. 1995,2563-2565,



Relatiue Stabilities of Multiparticle H-Bonded Aggregates

chelating agent would replace DMSO, and an equivalent

experimental parameter would replace XWo.

Experimental Section

General. The synthesis and characterization of the aggregates
studied here have been described27's-68 and reviewed.E Solvents used
for NMR spectroscopy were obtained from Cambridge Isotope Labo-
ratories and were used as received. To limit the amount of water,6e
newly-opened botttles of deuterated solvent were used for each
experimentl compounds were dried thoroughly under low pressure;
NMR tubes were heated in an oven.

NMR Spectroscopy. All spectra were recorded on a Bruker AM-
400 Spectrometer. We determined the 90' PW for each sample
(typically between 5 and 15 s). Recycler delays of 2 s were used:
increasing the recycler delay did not affect the integration of the peaks
of interest. Other parameters include: SW (sweep width) : 20 ppm;

(64) Mathias, J. P.; Simanek, E. E.; Seto, C. T.;Whitesides, G. M. Angew.
Chem.,Int. Ed. Engl. 1993, 32, 1766-1769.

(65) Mathias, J. P.; Simanek, E. E.; Seto, C. T.t Whitesides, G. M.
M ac romolecular Symposium 1994, 77, 157 - 166.

(66) Mathias, J. P.; Seto, C. T.; Simanek, E. E.; Whitesides, G. M. -r.
Am. Chem. Soc.  1994, 116,7725- l '136.

(67) Simanek, E. E.; Wazeer, M. I. M.; Mathias, J. P.; Whitesides, G.
M. J. Org. Chem. 1994, 59,4904-9.

(68) Seto, C. T.;Whitesides, G. M. J. Am. Chem. Soc. 1993, 115, 1330-
1340.

(69) Trace water was not possible to avoid even in fresh bottles of
deuterated solvent, and was present in proportion to the mole fraction of
DMSO. Because the ratio of DMSO to water was approximately 2fi)fi):1.
and because the DMSO, as a hydrogen bond acceptor. is comparable to
water, the contribution of this trace water to dissociation of the aggregate
was ignored.
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SI : TD : 32 K; and NS (number of scans) : 64 or 32, depending

on the quality of the spectra. All NMR samples were sonicated and

heated to reflux in an attempt to reach equilibrium. Spectra recorded

after one week were identical to those recorded initially. The total

concentration of aggregate was 5 mM in all cases.

Aggregates. Below we detail observations made during these

titration experiments. We group the aggregates by characteristic. (i)

Remains homogeneous throughout the course of experiments: ag-

gregates 1, 3, 5. 7, and 9. (11) Precipitates somewhat from solutions

containing both DMSO and CDCI:, but is soluble in both pure

soluents: 2 and 8.70 (111) lnose gelformationfrom solutions containing

both DMSO and CDCls, but is soluble in both pure soluenrs.' 4 and

6 .71
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(70) Certain CA derivatives-especially those containing two or three
CA groups-precipitate slightly from solution when not part of a stable
assembly: this precipitation may thermodynamically lessen the likelihood
of formation of stable aggregates, and the value of the mole fraction of

DMSO required fbr dissociating the aggegate may be slightly underesti-
mated.

(71)These gels could be brought completely into solution by diluting
the samplc tiom -5 mM to 2.5 mM. Quantitatively, this increases the

translational and rotational entropic cost of assembly by less than l07o in
most cases. but this increase does depend on the value of N. The spectra
collected for aggregate 5 were indistinguishable at 2.5 mM and 5 mM over
the full range of /DMSO.
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