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Abstract ,

Molecular masses were calculated for seven hydrogen-bonded aggregates based on the

cyanuric acid.melanrine latti.ce using eiecirospray ioniza[ion rnass sDectroln'etry @SI-MS)'

Negative ion spectra were obtained from chloroform soiurions of these aggregates, with Ph4PCI

as the charge can-ier. The abi-iiry to detect and characterize these hlg! molecular weight

aggregates demonsrales the potential of ESI-MS as an anaiytical tool for characterizrng non-

covalent assemblies generated by rnolecuiar seif-assembly'
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Characterization of l lydrogen-bonded Aggregates in Chloroform

by Electrospray Ionization lVlass Spectrometry'

We report the measurement of molecular rveights of seven non-covalent aggregates based

on the cyanuric acid.melamine (CA.IvI) Iatt ice ff igure 1), obtained from negative ion spec[ra

using electrospray ionization mass spectrometry (ESI-MS). These results are important for three

reasons. First ,  our past assignments of  the sLructures of  these non-covalent assembl ies has been

based on inferences from a range of indrect techniqLles -- l i1 and l3C XtvtR spectroscopies,

t i t rat ion experiments,  gel  permeat ion chromatrography (GPC), and vapor phase osmometry

(VpO) I A more accurare derermination of mass than that provided by GPC and VPO offers

addit ional  sgppof i  the assigned stoichiometr ies and structures. Second, the abi l i ty to obtain

mass specua of non-covalent aggregates thar are of  t imited stabl i ty --  those that form only in

aprot ic,  nonpoiar organic solvents --  provides a furthe r  c lemonstrat ion of  the value of  ESI-MS as

a technique rvi th rvhich to study molecular recognit ion and sel f -assernbly in non-aql ieous

solutions. Third, the use of Ph4PCl as an organic-soluble, charge carrier is undocumented to the

best of o'r knowleclge. These results aiso suggest that t i ierrnal dissociation experiments may be

gseful in determining the relative stabil i t ies of noncovalent assemblies.

Table I l ists recent studies that have successfully used ESI-VIS to obtaln masses of large,

noncovaient assemblies. Our previous attemp[s to obtain mass spectra of these aggregates using

orher ionization techniques -- chemrcal (Cf , elecrron (EI), fast-atom bombardment (FAB), ESI

(in the absense of a charge carrier), and matrix assisted laser desorption (lvIALDl) were

unsuccessful. Figure I summarizes the aggregates surveyed in this work, and Table 2 gives

information about their masses. (The nomenclafure used to represent these aggregates is that

used in previous papers; detailed structures of the arms and connectors have been summarized'l)

The aggregates are numbered in terms of increasing stabil iry ( 1 < 2"' < 8 < 9) as infen'ed from



Figure 1. The aggregares ( 1 - 9) examined in this study are shorvn schematically. White disks

correspond to isocyanuric acid groups. Darkened disks correspond to melamines. They are

numbered in order of increasing stabil i ty (highest in stabil i ty is 9). Atomic detaiis of these

structr.tres have been sulnmarized. I
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Table 1: Electrospray-ionization mass specfometry has been ur.O to characterize a variety of

interactions. "Aggrega[e" describes the type of architecture studied. "Particles" refers to the

number of molecules comprising the assembly.

Aggregate Reference Particles

Antibody and hapten
Carbohydrate and cation
Catenanes
Catenanes
Cyclodextrins and guest
Distamicin and DNA
DNA duplex
DNA quadreplex
FK506 and FKBP
HIV protease and inhibitor
Hydrogen-bonded aggregate
Leucine zippers
S upramolecular Pigments
Polymetall ic complexes
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t i t rat ions with methanol and GPC traces. ln six of these nine cases, a peak corresponding to the

expected mass is obsen'ed.

No peak corresponding to the ion rvith an rnJzratio of aggregates L or 2 is observed in

concentrations up to 100mrV; these compiexes are the least stable that we have explored.

The stoichiometry of the parent ion observed for aggregate 3 is 2flex(M)3'6CA'Cl-. No

ion was observed that corresponded to f lex(vl):.3cA.Cl-. It is unclear rvhether 3 exists as

predicred (f lex(M)3.3CA) and its srabil i ty under the conditions used for rnass spectroscopy

depends on the presence of an addit ional  equivalent of  f lex(M)3'3CA (yielding the observed

2flex(M):.6CA), or whether, instead, a structure incorporating trvo flex(M)l units exists in the

gas phase.

Figure 2 shows rhe mass specrrum of aggregate 4 (hub(M)::3CA). This aggregate

appears as rhe nrajor ion (due to associarron with Cl-) at rn/22161 . Hub(M)3'Cl- appears at mlz

Zl2g. No peaks corresponding to the hub(M)3 associated with more than three molecules of CA

are observecl. The peak atmJz2554 corresponds to the trismeiamine and two molecules of Cr\ '

It is unlikely that this species is present in signif icant concentralrons in soiution: a range of

techniques offer no evidence that such a species is present. Peaks rvith mlz greater than m/z

zj6j correspond to non-specific aggregates comprising molecuies of CA and molecule(s) of

hubg):. A majoriry of the peaks in the spectrum are assigned in Table 3.

ln an effort to determine whether the ion at nlz 7554 corresponded to a species present in

solution or was the result of dissociution dunng ionization, we attempted coll ision-induced

dissociation (cID) experiments. cID of the selected cl--bound 4 resuited in the appearance of

trvo products, CA.CI- and Hub(M)r.CI-. No orher species were observed' Thrs observation is

consistent with our belief that the aggresare is ir ighiy stabie only rvhen [he components are in 1:3



Figure 2. The mass spectrum of 4 using electrospray ionization.
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Table 3. Assignment of the major and minor peaks in

normalized intensity greater than 2Vo can be identified.

Figure 2.

the mass spectrum of 4. All peaks rvith a

The peak at mJz3679 is nor labeled in

Ion

(rn/z)

Compos irion Normalized Intensiry

(vo)

2 1 2 8 . 9

2555 .0

/ .  t 66 .  I

2955.3

3145 .0

3253.2

J O  l v .  t

3 8 1 3 . 5

hub(M) 3 'Cl-  2s

hub(M) 3 .CA 2'CI- lo

hub (M)3 .CA3 'C I -  l oo

(hub(N{) r)z 'CA 6'PhaPCI'Cl- 5

(hub(M) :)z 'CA 6'2PhaPCl '2Cl-  5

(hub(lv1):)+'CA 6'3Cl- 4

(hub(M):)+'CA p'3Cl-  3

(hub(M):) : 'CA 6'2CI- 5



stoichiometry. We suggest that the peali at2554 is from non-specfc association. Additional

rvork to examine the nature of this "aggregate" and other large species observed in the mass

spectrum is underwaY.

Aggregates 5 - 9 all yielded ions corresponding to the structures proposed previousiy. A

summary of all ions is shown in Table 2.

Thermal Dissociation. Thermai dissociation experiments \vere performed on 4 and 7 to

determine whether ESI-lv{S coulcl be used to determine the reiative stabil i t ies of these aggregates-

The thermal dissociation curves shorvn in Figure 3 are obtained by recording the mass spectra of

an aggregate rvhile heating the interface capil lary over a range of temperarures. Aggregates of

higher stabil i ty should give molecular ions at higher temperatures than aggregates rvhich are less

stable.  The di f ference in crossing temperatures ( the temperature at  which the molecular ion

appears at 50Vo irs init ial intensiry) for 4 and 7 is appproximately 5Oo C. While the magnitude of

the temperature of the differences betw'een temperatures are dependent in part on the calibration

of the instrument and the design of the experimenl, repectively, the relative values are as

predicted.

Charge Carr iers.  Obtaining molecular rveights of  hydrogen-bonded aggregates using

mass spectrome[ry has been problematic due pnmarily to the sensit ivity of these aggregales to

polar and protic solvents. Recent work by Lehn -- in rvhich he covalently attaches a crown ether

to individual subunits -- allows h.im to obtain molecular rveighrs in the presence of the

appropriate calion.2k The use of choloform-soluble PhaPCl may be a more general solu[ion to

this problem. ph+pCl produces matrix peaks that are useful for calibration. Lehn's strategy,

however, has produced peaks for aggregates that are very simrlar in structure to 1: hr-is technique

is more sensit ive, but requires synthetic effot.



:

Figure 3. Thermal dissociation curyes of 4 and 7. The crossing temperature of 7 than that for 4

suggesting that 7 is more stabie.



Figure 3.  Thermal Dissociat ion curyes
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'
The abil i ty to obtain accurate masses for these non-covaledt aggregates -- a representative

sampling of those rve have previously described -- from chloroform soluilons using Ph4PCl

suggests that ESI-MS may be applicable to the characterization of a varieff of host-guest

complexes. Uti l izing mass spectrometry to obtain relative stabil i t ies of aggregates may also be

valuable for the comparison of aggregates that are not ammenable to more tradit ional assays of

stabii i ty. The aggregates for which it yields useful results in these studies are relatively stable;

lower-stabil iry aggregates (e.g. 1 - 3) give either unexpected results or no identif iabie ions rvith

the aggregates. The possible restr ict ion to stable aggregatcs notrv i thstanding, ESI-MS should be

welcome i1 the molecular recognit ion communiry as a new technique capabie of  determining

stoichiometry,  mass, or relat ive stabi l i t ies of  large aggregates in organic solLrt ions.

Experimental .  Specrra were obtained on a Finnegan TSQ7000 tnple quadnrpole MS

wi rhamess range  o f  n l z4 lOOand typ i cCreso iu t i on  o f  LnJz .  r \ gg rega tes ' , ve rec l i sso l ved in

chlorcform at im-rVI rvith 5mrVI Ph+PCi. Analyses was done in negatrve ion mode.
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