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a  b  s  t  r  a  c  t

We  have  devised  a  new  approach  that  extends  the kinetic  method  to systems  where  the
competitive  dissociation  (the  cornerstone  of  the  kinetic  method)  will  occur  not  at  one  bind-
ing  center  but  at two  spatially  different  places.  This  approach  was  tested  on  dissociation  of
complexes  of two  symmetric  doubly  protonated  diamines  with  seven  different  crown  ethers
resulting  in  the relative  binding  order  of  alkylammonium  cation  (half  of  the  protonated
diamine  dication)  to  the  crown  ethers.  For  the  experiments  with  1,10-diaminodecane,  leading
to  the  n-alkylammonium  binding  ladder,  the order  was  dicyclohexano-18-crown-6  > dibenzo-21-
crown-7  >  18-crown-6  > dibenzo-24-crown-8  >  dibenzo-18-crown-6  >  15-crown-5  > 12-crown-4.  When
N,N′-dimethyl-1,8-octanediamine  was  used,  the experiments  gave  rise  to  the  relative  binding
eywords:
inetic method
ollision-induced dissociation
uadrupole ion trap mass spectrometry
rown ether–protonated amine complex

of  N-methyl-n-alkylammonium  cation,  which  was dibenzo-24-crown-8  >  dicyclohexano-18-crown-
6 >  dibenzo-21-crown-7  >  dibenzo-18-crown-6  > 18-crown-6  >  15-crown-5  >  12-crown-4.  The  observed
binding  trends  were  explained  in terms  of size  of the alkylammonium  cation,  size  of the cavity  of the
crown,  flexibility  of the crown  substituents,  and  overall  crown  polarizability.  Our  data  qualitatively  cor-
relate well  to the  literature  gas-phase  values  for these  systems  as  well  as  to  the  solution  data  (where
available).

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The kinetic method [1–3] has established itself as one of the
ost common techniques for thermochemical measurements.
umerous applications of the kinetic method include determina-

ion of proton affinities and gas-phase basicities [4,5], with multiple
ontributions from Fenselau and co-workers [6–9]. Other appli-
ations of the method resulted in measuring metal ion binding

nergies [10–12],  enantiomeric purity [13,14],  gas-phase acidities
15], among many others. Developed by Cooks [16], this method
akes advantage of a competitive dissociation at a binding center
Eq. (1)).
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(1)

where X+ can be a metal ion [10–12],  a proton [2,5,6],  or a small
molecule (NO or NO2) [17,18]. The charge can be reversed and
anionic complexes could be probed instead [19].

As one can see from Eq. (1),  a limitation of this technique is
reached when X+ is unable to bind A and B at the same time (e.g., for
steric reasons). Even in systems where this binding can experimen-
tally be observed, like in metal ion–aromatic amino acid complexes,
X+ may  not reach an optimum binding arrangement with both A
and B (which otherwise would be observed by binding only one
of the ligands). This has led to discussions on whether the kinetic
method should be employed for studying such systems [20].

Even more convincing are examples when X+ simply cannot

bind both A and B. Consider binding of a protonated primary amine
RNH3

+ to crown ether, as shown in Scheme 1. There the size of a
crown ether cavity is normally sufficiently large to prevent the alky-
lammonium group from binding to another crown ether molecule.

dx.doi.org/10.1016/j.ijms.2011.05.004
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:ryzhov@niu.edu
dx.doi.org/10.1016/j.ijms.2011.05.004
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Scheme 1. Binding of an n-alkylammonium cation to a crown ether.

hus, binding in this system cannot be studied by the “conven-
ional” kinetic method.

In this work we present an extension of the kinetic method that
ill allow us to study systems like the one shown in Scheme 1.

The novelty of our approach is that the competitive dissociation
the cornerstone of the kinetic method) will occur not at one bind-
ng center (like in Eq. (1))  but at two different places, as shown in
q. (2):

+

X+

X+X+

A

B

X+

A A

B

X+

) 
linker

( ) 
linker

B

( ) 
linker

X+

(2)

Here the design of the system requires two chemically identical
roups X+ be separated in space (by an inert linker, for instance).
ixed complexes of the ion containing two X+ groups bound to

 and B can be mass-selected in the mass spectrometer and from
here on one can proceed with the “conventional” kinetic method
ith the result being relative binding of A and B to the group X+

plus the linker if X is small enough for binding to be affected by it).
While the systems suitable for this approach may  seem quite

laborate, a logical first choice was to study the aforementioned
inding of protonated primary amines to various crown ethers
ia 1,10-diaminodecane, the molecule in which alkylammonium
roups RNH3

+ correspond to X+ and two different crown ethers
ould play the role of A and B in Eq. (2).

Mass spectrometry has been actively used for studying crown
ther complexes with various protonated amines. Brodbelt group
as determined the binding order of various crown ether com-
lexes with protonated amines and peptides [21–25].  Julian and
eauchamp have used the strong binding between protonated
rimary amines and 18-crown-6 and its analogues as a probe
or the lysine side chains and the peptide N-terminus [26,27].
rumbliss et al. have looked at ionophore-siderophore host–guest
upramolecular assemblies that utilize 18-crown-6, along with
erivatives, binding to the alkylamine chain of ferrioxamine B for
ransport [28], thermodynamic parameters [29], and molecular
ecognition [30].

While numerous studies have confirmed the strong binding
n primary alkylammonium–crown ether complexes, the thermo-
hemistry of gas-phase binding has been explored in much less
etail. Julian and Beauchamp have reported a binding energy of
82 kJ mol−1 for methylammonium–18-crown-6 complex based on
M3 calculations [26]. Colorado and Brodbelt [31] used an energy-

−1
ariable CID technique to produce a value of >210 kJ mol for
-butylammonium–18-crown-6 interaction. Data from studies in
olution are not available for many crowns and/or alkylammo-
ium ions and strongly depend on the choice of solvent [32,33].
Fig. 1. Structures of crown ethers used in this study.

Thus, measuring the bond dissociation energies in these systems
remains a challenge. In this work we use the proposed extension
of the kinetic method to measure the bond energy differences in
alkylammonium complexes with seven different crown ethers. The
structures of the crown ethers used in this study are shown in Fig. 1.

2. Experimental

2.1. Materials

All crown ethers used in this study (listed in Fig. 1),
1,10-diaminodecane, and N,N′-dimethyl-1,8-octanediamine were
purchased from Sigma–Aldrich (Milwaukee, WI)  and used with-
out further purification. Acetonitrile and acetic acid (glacial)
were obtained from Fisher Scientific (Pittsburgh, PA). Solutions
of crown ethers and 1,10-diaminodecane were prepared in 50:50
acetonitrile:water with 1% acetic acid added, resulting in final con-
centrations of 10 �M.  For the preparation of mixed complexes,
solutions of 1,10-diaminodecane and two crown ethers of inter-
est were mixed in 1:1:1 ratio and used in the mass spectrometry
experiments without further dilution. Solutions of N,N′-dimethyl-
1,8-octanediamine and two  crown ethers of interest were mixed in
1:3:3 ratio.
2.2. Mass spectrometry experiments

All experiments were carried out using a commercial
quadrupole ion trap mass spectrometer equipped with electrospray
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Fig. 2. CID of the complex of doubly protonated 1,10-diaminodecane (DA) with
18-crown-6 (C1) and dibenzo-18-crown-6 (C2).
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onization (ESI) (Bruker Esquire 3000, Bremen, Germany). The sam-
les were introduced to the mass spectrometer at a flow rate of

 �L/min. The sheath gas, needle voltage and temperature were
djusted to ca 10 arb. units, 3.0 kV and 200 ◦C, respectively. The CID
xperiments were performed using standard procedures by mass
electing the desired precursor ion, with an activation window of

 m/z; and then subjecting it to CID. The CID excitation voltage was
ept low (typically, below 0.4 Vpp) resulting in dissociation of some
f the precursor ions. Branching ratios of the product ions were
easured after averaging at least 20 scans. All ratio measurements
ere repeated three or four times.

. Results and discussion

.1. Formation and gas-phase dissociation of diamine–crown
omplexes

Electrospray mass spectra of a mixture of diamine (DA) and
wo crown ethers (C1 and C2) resulted in several major peaks.
rotonated diamine [DA+H+]+ was always prominent. Proto-
ated crowns [C1+H+] and [C2+H+] were present. There were
ingly charged adducts of diamine and one crown [C1+H++DA]+

nd [DA+H++C2]+ as well as doubly charged “symmetric” com-
lexes of two  crowns with the diamine [C1+H++DA+H++C1]2+ and
C2+H++DA+H++C2]2+. However, the mixed crown–diamine doubly
rotonated complex of interest [C1+H++DA+H++C2]2+ was always
resent in high enough intensity that allowed it to be isolated and
ubjected to collision-induced dissociation in the ion trap.

CID of the mixed crown–diamine doubly protonated complex
lso resulted in multiple products. Formation of the products of
nterest, the doubly charged complexes of the diamine with one
rown, [C1+H++DA+H+]2+ and [H++DA+H++C2]2+, formed according
o the generic Eq. (2),  is shown below in Eqs. (3a) and (3b). Along
ith these, some other reaction channels were present, like the for-
ation of singly charged crown–diamine complexes [C1+H++DA]+

nd [DA+H++C2]+ (Eqs. (4a) and (4b)), and secondary dissociation
roducts (Eqs. (4c) and (4d)). Reactions (4a)–(4d) were relatively
inor under ‘mild’ CID conditions, where the excitation amplitude
as chosen so that the precursor ion [C1+H++DA+H++C2]2+ was still

isible in the spectrum. More importantly, the branching ratio of
he products of reactions (3a) and (3b) stayed fairly constant under
hose ‘mild’ CID conditions independent of the excitation amplitude
sed.

C1 + H++DA + H++C2]2+ → [C1 + H++DA + H+]2+ + C2 (3a)

C1 + H++DA + H++C2]2+ → C1 + [H++DA + H++C2]2+ (3b)

C1 + H++DA + H++C2]2+ → [C1 + H++DA]+ + [H++C2]+ (4a)

C1 + H++DA + H++C2]2+ → [C1 + H+]+ + [DA + H++C2]+ (4b)

C1 + H++DA + H++C2]2+ → [DA + H+]+ + [C1 + H+] + C2 (4c)

C1 + H++DA + H++C2]2+ → [DA + H+]+ + [C2 + H+] + C1 (4d)

Sample MS/MS  spectra for complexes of 1,10-diaminodecane
ith 18-crown-6 and dibenzo-18-crown-6 as well as for N,N′-
imethyl-1,8-diamine with dibenzo-21-crown-7 and dibenzo-24-
rown-8 are given in Figs. 2 and 3, respectively.

.2. The kinetic method analysis of CID data

The simple kinetic method treatment of Eq. (1) provides a route

or obtaining relative �(�H)  binding of A and B to X+ via Eq. (5):

n
(

k1

k2

)
= ln

(
[A − X+]
[B − X+]

)
≈ �(�H)

RTeff
(5)
where Teff is the effective ion temperature inside the trap. The value
of Teff in CID experiments in quadrupole ion traps has been a mat-
ter of multiple studies. The general consensus is that it is very close
to the room temperature for ions prior to CID (Gronert reported
315 K using a temperature-sensitive equilibrium reaction [34]).
During collisional activation the temperature will be somewhat
higher. Afonso et al. [35] found that when the excitation amplitude
is kept low, Teff is close to 350 K for the dissociation of proton-
bound dimers of amino acids. That value increases to 390 K with
moderate increases of CID amplitude. Brodbelt-Lustig and Cooks
[36] measured Teff = 335 K during the dissociation of proton-bound
pyridine dimers. While many modifications to the simple kinetic
method [35,5],  including works by Fenselau’s group [6,7,37], allow
for determination of Teff via varying the collision energy, for our
proof-of-principle study we decided to use Teff = 350 K. We  real-
ize that the resulting uncertainty in the �(�H) obtained with this
approximation will be higher, but the focus of this study was to
show that the kinetic method can be applied to systems with com-
petitive dissociations at two different locations.
0 10 0 20 0 30 0 40 0 50 0 60 0
m/z

Fig. 3. CID of the complex of dibenzo-21-crown-7 (C1) and dibenzo-24-crown-8
(C2) with doubly protonated N,N′-dimethyl-1,8, octanediamine (DA).
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ig. 4. Binding ladder of crown ethers to the n-alkylammonium moiety. The results
re average of four runs. Standard deviations (not including the uncertainty in the
eff value of 350 K) are ±0.2 kJ mol−1.

For the dissociation of the mixed crown–diamine doubly proto-
ated complex, Eq. (5) can be re-written as (6):

n
(

k1

k2

)
= ln

(
[C1 + H+ + DA + H+]2+

[H+ + DA + H+ + C2]2+

)
≈ �(�H)

RTeff
(6)

By taking experimental ratios of products in Eq. (6) (obtained
rom CID mass spectra similar to Figs. 2 and 3), we  calculated

(�H) of binding of different crown ethers to “half” of a doubly
rotonated diamine, or to an alkylammonium moiety in case of
,10-diamine and to the N-methyl-alkylammonium moiety in case
f N,N′-dimethyl-1,8-diamine.

.3. Relative binding order for n-alkylammonium (∼RNH3
+)

Relative binding enthalpies of alkylammonium moiety to dif-
erent crown ethers are shown in Fig. 4. At the bottom of the
inding ladder are 12-crown-4 (weakest binder) and 15-crown-5.
heir cavities are simply too small to accommodate the alkylam-
onium moiety efficiently. The cavity of a crown-6 is considered to

e the “perfect” size for alkylammonium. For instance, Julian et al.
sed 18-crown-6 to count the number of accessible Lys side chains
which is an n-alkylammonium moiety) in a protein [26,27,38,39].
ot surprisingly, 18-crown-6 displays much stronger binding than
2-crown-4 or 15-crown-5 in our experiments as well. Among
he three members of crown-6 family in our study, 18-crown-

 is in the middle of binding strength. The dibenzo-18-crown-6
as two rigid aromatic rings that do not allow the crown cav-

ty to adjust its size for the optimum binding of alkylammonium
ation, thus it binds 2.3 kJ mol−1 less strongly. On the other hand,
icyclohexano-18-crown-6 binds 4.3 kJ mol−1 more strongly than
8-crown-6, because its cyclohexano substituents are flexible and
o not impede with the optimum hydrogen-bond formation while

ncreasing the overall polarizability of the crown. This is consistent
ith findings of Dearden and Chu [40] who in addition pointed out

hat binding of dicyclohexano-18-crown-6 to protonated amines
s dependent on the crown conformation. As one increases the
avity size to dibenzo-21-crown-7 and dibenzo-24-crown-8, the
olarizability of the crown increases, but the cavity becomes too

arge to accommodate the alkylammonium group in an optimum

ay. These two factors seem to cancel each other out, as both of

hese crowns bind alkylammonium cation about equally strongly
o 18-crown-6. In fact, an inset to Fig. 4 shows that these three
rowns are within 0.8 kJ mol−1 of each other on the binding scale. A
Scheme 2. Binding of an N-methyl-n-alkylammonium cation to a crown ether.

recent work [41] suggests that the gas-phase NH4
+ binding of 21-

crown-7 should be higher than that of 18-crown-6, but we could
not confirm it as unsubstituted 21-crown-7 was not available to us.
However, we can indirectly confirm this by noticing that dibenzo-
21-crown-7 binds an alkylammonium moiety 3.4 kJ mol−1 more
strongly than dibenzo-18-crown-6. Overall, our gas-phase bind-
ing order correlates well with solution data as well, at least in
the general picture 12-crown-4 < 15-crown-5 < 18-crown-6. While
the individual branching ratios for Eqs. (3a) and (3b) are very
reproducible resulting in the measurement error of ±0.2 kJ mol−1,
a better assessment of the data self-consistency can be done by
comparing the obtained via different routes (Fig. 4). For instance,
dibenzo-18-crown-6 and dicyclohexano-18-crown-6 differ in their
ammonium affinities by 7.7 kJ mol−1 when compared directly, and
by 2.3 + 4.3 = 6.6 kJ mol−1 when compared indirectly, through 18-
crown-6. On the other hand, going through dibenzo-21-crown-7
gives the �(�H)  value of 4.3 + 3.7 = 8.1. These fluctuations, which
could be due to uncertainties in Teff and to entropy effects, provide
a more realistic value of the error range as being 1.0–1.5 kJ mol−1.

3.4. Relative binding order for N-methyl-alkylammonium
(∼RNH2

+-CH3)

Another system that was  tested by our approach was com-
plexes of doubly protonated N,N′-dimethyl-1,8-octanediamine
with crown ethers. The proposed analysis of the kinetic method
data for this system results in relative binding values between N-
methyl-n-alkylammonium cation and the series of crown ethers
shown in Scheme 2.

An important difference between n-alkylammonium and N-
methyl-alkylammonium cations binding to crowns is the number
of hydrogen bonds: the former has three hydrogens available, while
the latter has only two. Schalley and Springer [41] showed that ter-
tiary ammonium cations such as trialkylammonium or pyridinium
(that have only one hydrogen atom available for hydrogen bonding)
show virtually no preference for a cavity size of the crown, while
n-alkylammonium cations for the reasons of symmetry prefer 18-
crown-6 and its derivatives.

A sample CID spectrum of a mixed complex between doubly
protonated N,N′-dimethyl-1,8-octanediamine with dibenzo-21-
crown-7 and dibenzo-24-crown-8 is shown in Fig. 3. Analysis of
spectra like that one by Eq. (6) resulted in the relative binding lad-
der reported in Fig. 5. An obvious trend is that binding increases
with the increase in the cavity size (crown-5 < crown-6 < crown-
7 < crown-8). Experiments were also performed with 12-crown-4
but CID of its mixed complexes resulted in the exclusive loss of 12-
crown-4 which did not allow us to measure the branching ratio for
reactions (3a) and (3b). Obviously, 12-crown-4 was a much weaker
binder than the next weakest crown, 15-crown-5. Within the same
crown cavity size, the binding order was 18-crown-6 < dibenzo-
18-crown-6 < dicyclohexano-crown-6. If one imagines than no

more than four oxygen atoms from the crown can participate
in interactions with the two  hydrogen atoms of the N-methyl-
alkylammonium moiety, then the observed overall binding order
simply follows the overall polarizability of the crown ethers, with
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ig. 5. Binding ladder of crown ethers to the N-methyl-n-alkylammonium moi-
ty. The results are average of three runs. Standard deviations (not including the
ncertainty in the Teff value of 350 K) are ±0.2 kJ mol−1.

ittle or no selectivity displayed. While no “anchors” have so far
een reported in the literature for this system, one should expect a
ubstantially weaker binding of the N-methyl-alkylammonium by
rowns compared to the alkylammonium, simply on the basis of
he number of hydrogen bonds formed in the complex.

N-methyl-alkylammonium moieties are present in �-N-
ethylated lysine, an important post translational modification in

roteins, especially in histones [42,43]. An important conclusion
rom our binding studies is that it is going to be fairly difficult
o “map” N-methyl-Lys residues on the surface by forming non-
ovalent complexes with crown ethers (as Julian and Beauchamp
ave done for Lys [27]), especially in the presence of unmodi-
ed Lys residues. Further studies will be carried out to compare
inding enthalpies for crown complexes of alkylammonium vs N-
ethyl-alkylammonium, especially to investigate if any favorable

nteractions between the N-methyl group and crown non-polar
ubstituents can be explored.

. Conclusions

A modification to the kinetic method experiment is described
here the competitive dissociation occurs not at one but rather

t two spatially different places. If the system is designed
roperly, its symmetry can be the rationale for applying the stan-
ard kinetic method treatments to such variations. Numerous
harge/symmetry designs can be envisioned for our approach. The
wo examples shown in this work are dicationic diamine/crown
r N,N′-dimethyl-diamine/crown complexes, resulting in relative
inding order of n-alkylammonium/crown and N-methyl-n-
lkylammonium/crown complexes, respectively. The binding
adders that were obtained in this work can easily be combined

ith one of the literature “anchors” to produce absolute binding
nthalpies, available for one of these systems. While our kinetic
ethod treatment was simplified by assuming the effective ion
emperature to be 350 K, in principle, any more sophisticated treat-
ent can be utilized instead. Our limitation in this respect was  that
e were not able to vary the effective ion temperature enough by

hanging CID excitation amplitude, as the doubly charged ions of

[

ass Spectrometry 312 (2012) 173– 178 177

interest produced constant branching ratios (Eqs. (3a) and (3b))
within the experimental range of CID voltages. Using a different
instrumental setting (like a triple-quadrupole-based mass spec-
trometer) may  solve this problem. Future studies will be conducted
to assess whether the linkage length is sufficient to eliminate the
effects of the remote substituent on the measured binding strength.

Acknowledgments

This research was  supported by the Department of Chemistry
and Biochemistry, Northern Illinois University. VR also thanks Profs.
Lee S. Sunderlin and Richard A. J. O’Hair for useful discussions.

References

[1] R.G. Cooks, J.T. Koskinen, P.D. Thomas, The kinetic method of making thermo-
chemical determinations, J. Mass Spectrom. 34 (1999) 85–92.

[2] R.G. Cooks, J.S. Patrick, T. Kotiaho, S.A. McLuckey, Thermochemical determina-
tions by the kinetic method, Mass Spectrom. Rev. 13 (1994) 287–339.

[3]  R.G. Cooks, P.S.H. Wong, Kinetic method of making thermochemical determi-
nations: advances and applications, Acc. Chem. Res. 31 (1998) 379–386.

[4] S.A. McLuckey, D. Cameron, R.G. Cooks, Proton affinities from dissociations of
proton-bound dimers, J. Am.  Chem. Soc. 103 (1981) 1313–1317.

[5]  O.E. Schroeder, E.J. Andriole, K.L. Carver, K.E. Colyer, J.C. Poutsma, Proton affinity
of  lysine homologues from the extended kinetic method, J. Phys. Chem. A 108
(2004) 326–332.

[6] Z. Wu,  C. Fenselau, Proton affinity of arginine measured by the kinetic approach,
Rapid Commun. Mass Spectrom. 6 (1992) 403–405.

[7] Z. Wu,  C. Fenselau, Gas-phase basicities and proton affinities of lysine and histi-
dine measured from the dissociation of proton-bound dimers, Rapid Commun.
Mass Spectrom. 8 (1994) 777–780.

[8] Z. Wu,  C. Fenselau, Proton affinities of polyglycines assessed by using the kinetic
method, J. Am.  Soc. Mass Spectrom. 3 (1992) 863–866.

[9] I.A. Kaltashov, D. Fabris, C. Fenselau, Assessment of gas phase basicities of proto-
nated peptides by the kinetic method, J. Phys. Chem. A 99 (1995) 10046–10051.

10] B.A. Cerda, C. Wesdemiotis, The relative copper(I) ion affinities of amino acids
in  the gas phase, J. Am. Chem. Soc. 117 (1995) 9734–9739.

11] M.M. Kish, G. Ohanessian, C. Wesdemiotis, The Na+ affinities of a-amino acids:
side-chain substituent effects, Int. J. Mass Spectrom. 227 (2003) 509–524.

12] M.M.  Kish, C. Wesdemiotis, G. Ohanessian, The sodium ion affinity of glycyl-
glycine, J. Phys. Chem. B 108 (2004) 3086–3091.

13] L. Wu,  R.G. Cooks, Chiral and isomeric analysis by electrospray ionization and
sonic spray ionization using the fixed-ligand kinetic method, Eur. J. Mass Spec-
trom. 11 (2005) 231–242.

14] L. Wu,  W.A. Tao, R.G. Cooks, Kinetic method for the simultaneous chiral analysis
of  different amino acids in mixtures, J. Mass Spectrom. 38 (2003) 386–393.

15] C.M. Jones, M.  Bernier, E. Carson, K.E. Colyer, R. Metz, A. Pawlow, E.D. Wischow,
I.  Webb, E.J. Andriole, J.C. Poutsma, Gas-phase acidities of the 20 protein amino
acids, Int. J. Mass Spectrom. 267 (2007) 54–62.

16] R.G. Cooks, T.L. Kruger, Intrinsic basicity determination using metastable ions,
J.  Am.  Chem. Soc. 9 (1977) 1279–1281.

17] F. Cacace, G. de Petris, F. Pepi, Gas-phase NO+ affinities, Proc. Natl. Acad. Sci.
U.S.A. 94 (1997) 3507–3512.

18] F. Cacace, G. de Petris, F. Pepi, F. Angelelli, Gas-phase nitronium ion affinities,
Proc. Natl. Acad. Sci. U.S.A. 92 (1995) 8635–8639.

19] J.C. Poutsma, S.D. Upshaw, R.R. Squires, P.G. Wenthold, Absolute heat of for-
mation and singlet–triplet splitting for HCCN, J. Phys. Chem. A 106 (2002)
1067–1073.

20] C. Ruan, M.T. Rodgers, Cation-pi interactions: structures and energetics of com-
plexation of Na+ and K+ with the aromatic amino acids, phenylalanine, tyrosine,
and  tryptophan, J. Am.  Chem. Soc. 126 (2004) 14600–14610.

21] M.C. Crowe, J.S. Brodbelt, Evaluation of noncovalent interactions between
peptides and polyether compounds via energy-variable collisionally activated
dissociation, J. Am. Soc. Mass Spectrom. 14 (2003) 1148–1157.

22] E.C. Kempen, J.S. Brodbelt, A method for the determination of binding con-
stants by electrospray ionization mass spectrometry, Anal. Chem. 72 (2000)
5411–5416.

23] S.-W. Lee, H.-N. Lee, H.S. Kim, J.L. Beauchamp, Selective binding of crown ethers
to  protonated peptides can be used to probe mechanisms of H/D  exchange and
collision-induced dissociation reactions in the gas phase, J. Am.  Chem. Soc. 120
(1998) 5800–5805.

24] S. Maleknia, J. Brodbelt, Cavity-size-dependent dissociation of crown
ether/ammonium ion complexes in the gas phase, J. Am.  Chem. Soc. 115 (1993)
2837–2843.

25] C. Liou, J. Brodbelt, Comparison of gas-phase proton and ammonium ion affini-

ties of crown ethers and related acyclic analogs, J. Am.  Chem. Soc. 114 (1992)
6761–6764.

26] R.R. Julian, J.L. Beauchamp, Site specific sequestering and stabilization of charge
in  peptides by supramolecular adduct formation with 18-crown-6 ether by way
of  electrospray ionization, Int. J. Mass Spectrom. 210/211 (2001) 613–623.



1 l of M

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[42] M.A. Freitas, A.R. Sklenar, M.R. Parthun, Application of mass spectrometry to the
78 M.A. Zickus et al. / International Journa

27]  R.R. Julian, J.L. Beauchamp, The unusually high proton affinity of aza-18-crown-
6  ether: implications for the molecular recognition of lysine in peptides by lariat
crown ethers, J. Am.  Soc. Mass Spectrom. 13 (2002) 493–498.

28] I. Spasojevic, A.L. Crumbliss, Bulk liquid membrane transport of ferrioxamine B
by  neutral and ionizable carriers, J. Chem. Soc., Dalton Trans. (1998) 4021–4027.

29] S.M. Trzaska, E.J. Toone, A.L. Crumbliss, Microcalorimetric determination of
thermodynamic parameters for ionophore-siderophore host–guest complex
formation, Inorg. Chem. 39 (2000) 1071–1075.

30] S. Dhungana, P.S. White, A.L. Crumbliss, Crystal and molecular structures
of  ionophore-siderophore host–guest supramolecular assemblies relevant to
molecular recognition, J. Am.  Chem. Soc. 125 (2003) 14760–14767.

31] A. Colorado, J. Brodbelt, An empirical approach to estimation of critical energies
by  using a quadrupole ion trap, J. Am.  Soc. Mass Spectrom. 7 (1996) 1116–1125.

32] J.H. Jung, D.Y. Kim, S.S. Lee, Host–guest interactions of cyclic and acylic
polyethers with alkylammonium ions, J. Korean Chem. Soc. 38 (1994) 509–515.

33] V. Rudiger, H.-J. Schneider, V.P. Solov’ev, V.P. Kazachenko, O.A. Raevsky, Crown
ether-ammonium complexes. Binding mechanisms and solvent effects, Eur. J.
Org. Chem. (1999) 1847–1856.
34] S. Gronert, Estimation of effective ion temperatures in a quadrupole ion trap, J.
Am.  Soc. Mass Spectrom. 9 (1998) 845–848.

35] C. Afonso, F. Modeste, P. Breton, F. Fournier, J.C. Tabet, Proton affinities of the
commonly occurring l-amino acids by using electrospray ionization-ion trap
mass spectrometry, Eur. J. Mass Spectrom. 6 (2000) 443–449.

[

ass Spectrometry 312 (2012) 173– 178

36] J.S. Brodbelt-Lustig, R.G. Cooks, Determination of relative gas-phase basici-
ties by the proton-transfer equilibrium technique and the kinetic method in
a  quadrupole ion-trap, Talanta 36 (1989) 255–260.

37] I.A. Kaltashov, C. Fenselau, Thermochemistry of multiply charged melittin in
the  gas phase determined by the modified kinetic method, Rapid Commun.
Mass Spectrom. 10 (1996) 857–861.

38] T. Ly, R.R. Julian, Using ESI-MS to probe protein structure by site-specific non-
covalent attachment of 18-crown-6, J. Am.  Soc. Mass Spectrom. 17 (2006)
1209–1215.

39] T. Ly, Z. Liu, B. Pujanauski, R. Sarpong, R. Julian, Surveying ubiquitin structure
by  noncovalent attachment of distance constrained bis(crown) ethers, Anal.
Chem. 80 (2008) 5059–5064.

40] D.V. Dearden, I.H. Chu, Relative ammonium ion affinities of 18-crown-6 and
the isomers of dicyclohexano-18-crown-6, J. Incl. Phenom. Mol. Recogn. Chem.
29  (1997) 269–282.

41] C. Schalley, A. Springer, Mass Spectrometry and Gas-phase Chemistry of Non-
covalent Complexes, Wiley, Hoboken, 2009.
identification and quantification of histone post-translational modifications, J.
Cell.  Biochem. 92 (2004) 691–700.

43] P. Grant, A tale of histone modifications, Genome Biol. 2 (2001),
reviews0003.0001–0003.0006.


	The thermochemical studies of protonated amine–crown ether complexes: Extension of the kinetic method
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Mass spectrometry experiments

	3 Results and discussion
	3.1 Formation and gas-phase dissociation of diamine–crown complexes
	3.2 The kinetic method analysis of CID data
	3.3 Relative binding order for n-alkylammonium (∼RNH3+)
	3.4 Relative binding order for N-methyl-alkylammonium (∼RNH2+-CH3)

	4 Conclusions
	Acknowledgments
	References


