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Thermochemical Determinations by the Kinetic Method with Direct Entropy Correction
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The kinetic method, which is based on the competitive dissociations of mass-selected cluster ions, has been
increasingly applied in thermochemical determination mainly due to its simplicity and sensitivity. Its use,
however, is limited by the requirement that the reference and unknown compounds be similar in structure.
To address this limitation, entropic contributions are considered explicitly here. This allows the method to be
applied in cases where neither the assumption of zero protonation entropy difference of the standard form
nor the precondition of constant protonation entropy difference of the extended version of the method is
satisfied. The validity of the proposed procedure for entropy correction is examined using urea as the test
compound, and amides, ketones, ethylene glycol dimethyl ether, and polyols as the reference bases. After
but not before-appropriate entropy correction, the results show a linear correlation of the logarithm of the
branching ratio versus proton affinity. Using data obtained as a function of collision energy, a second plot of
the intercepts versus the slopes of the initial graph yields a value for the urea proton affinity (PA) of 868.4
=+ 2.5 kd/mol, a gas-phase basicity (GB) of 83& 3.0 kJ/mol, and a protonation entropy,) of 9.4+ 0.5

J/motK. Experiments using different functionalized reference bases give similar results. The reported procedure
extends the capabilities of the kinetic method in making thermochemical measurements and can be applied
to the measurement of reaction entropies, provided enthalpies are known.

Introduction entropy change as shown in eq 4.

Gas phase proton transfer (eq 1) is a reaction that has been GB = PA + TAS (4)
studied quantitatively for more than 3 decaéiésMany accurate
thermochemical properties are based upon either direct or The kinetic method, developed more than 2 decades%o,
indirect measurement of proton-transfer equilibrium constants s an approximate, semiquantitative method of acquiring relative
or by using bracketing experiments to follow ion/molecule thermochemical information by examining the relative rates of
proton-transfer reactivity® Such measurements have been competitive dissociations of a cluster ion that includes the

essential in securing an understanding of intrinsic structural compound of interest, a reference compound and the ion to
effects on acidity and basicity of moleculeas well as providing  which binding occurd?-14

solvation energetic’. As in other mass spectrometric methods for making thermo-
. N chemical measurements, such as high-pressure mass spectrom-
AH"+B—A +BH 1) etry* and ion/molecule bracketirif the roots of the kinetic

o ) ) ) method lie in proton transfer. However, the species selected
The proton affinity (PA) is defined as the negative of the {4 examination in the kinetic method is the proton bound

enthalpy changeAH) associated with protonatireq 2. dimeric cluster ion instead of the protonated monomers used
N N as starting reactants in other methods. Assuming no reverse
M+H" —MH PA = —AH caction 2 activation energy and that only structurally similar compounds

are involved, dissociation of the mass-selected dimeric ion,
The gas-phase basicity (GB) is the negative of the free energyB—H*—B;, may give rise to two protonated species, B&hd
change for the above reaction and the corresponding reactionB;H"*, via the two possible competitive dissociation chanikels
entropyAS can be expressed in terms of absolute entropies of andk;, shown in eq 5.
the species involvedS = SMH™) — SM) —§H™)]. Since

AG = AH — TAS 3) BH* + B, < B-H'—B, Se+ BH" (5)

the gas-phase basicity (GB) can be expressed in terms ofln the above equatioiis generally referred to the rate constant
the proton affinity (PA) and the temperatur®) (dependent for thg format|0n of BH 'W.Ith unknown gas-phase. t.hermo-
chemistry, i.e., proton affinity (PA), gas-phase basicity (GB),
t Part of the special issue “Jack Beauchamp Festschrift’. Dedicated to and reaction entropyXS), while ki represents the rate constant
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to gas-phase ion chemistry. i i i-
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molecular reaction theory &s “single reference” form of the kinetic method, a series of
structurally similar unknowns was selected to maintain similar
©) (nonzero) entropy differences between the two dissociation
channels in each of the dimer pairs across the whole s#ries.
A related advance was made by Fenselau and co-wotkers,
whereQ* andQ* refer to the partition functions of the transition  and later contributed to by Wesdemiotis and his gréfup.their
states of the two dissociation channels. The tdigm called original attempt at applying the kinetic method to biomolecules
the “effective temperature”, in one view, represents the char- such as peptides, Fenselau and co-workers realized that getting
acteristic temperature of the activated complexes that undergoa series of reference bases with similar structure to the
competitive fragmentation during the instrument time windéw.  unknown’s would be difficult. However, if the reference bases
(There is continued discussion of wheth¥ is best viewed chosen are dissimilar in structure to the unknown peptides but
as a kineti¢® or a thermodynami€ property.) The terni\ep is remain structurally similar among themselves, the entropic term
the difference in critical energies for the two dissociation A(AS)/R in eq 8, while not negligible, but will likely remain
channels. With the assumption that there are no (or equal) constant. Thus a plot of lk{k) versus PA(B should still yield
reverse barriers, the difference in critical energies can be a straight line. Moreover, the slopes and intercepts of the linear

Agg

In((k/k)) = In[([B;H"V/[BH ] ~ In(Q"/Q") + & ]

replaced by the difference in PAs regressions derived from a series of such plots provide values
N N for the effective temperatufks and apparent gas-phase basicity
In((k/k)) = In(([B{H V[BH ) ~ In(Q/Q") + (GB®PqB)). These quantities are related through eq 10
PA(B) — PA(B) ) an
BT GB™B) PA(B) A
RT. 1B) . PAB) _ A(AY (10)

RT;  RTy R
Under the same simplifying assumption, the ternQW@*) is

equivalent to the difference in reaction entropy between the two  To extract the values of enthalpy (PA(B)) and reaction entropy
dissociation channelg:13Substitution of In(@/Q*) by the term difference A(AYS)), a second plot was constructed by plotting

A(A9/R leads to eq 8, the negative of the intercepts versus the slopes obtained from a
PA(B) — PAG®) series of experiments performed at different collision energies
_ + N o i) (equivalent to GBPAB)/RTes versus 1RTe at several values
In((ki/k)) = In(([B;H"J[BH ")) ~ RTq + of Tef). This so-called extended version of the kinetic methétl
A(AS) not only recognizes the presence of entropy effects but also can
R (8) be used to provide values for relative reaction entropies in cases

where the reference bases possess dissimilar structures from the
unknown but remain structurally similar among themselves.

A surprising feature of the extended kinetic method was that
the regression coefficienRf) from the second plot (negative
intercept versus slope) was unity in each case studigtiSuch
excellent linearity simply implies that the slope and intercept
method described in eq 9 or the equivalent expression in which are not indeper!dent. A statistical procedure has been developed
PA is replaced by GB. Plotting Ik(k) vs PA(B) results in a by Arment.rout in order to remove the covariance between the
straight line with slope of RTet and intercept of-PA(B)/RTes. slope and intercef3t. Instead of directly plotting Irk/k) versus
The proton affinity of the unknown can be derived simply as PA(Bi). the average proton affinity of the reference bases

the ratio of the negative value of the intercept to the slope.  [PA(Bi**9] is subtracted from the proton affinities of the
unknown and reference bases in eq 8. The modified equation

. PA(B) — PA(B) is rewritten explicitly in eq 11. A plot of I/k) versusAPA-
In((k/K)) = In(([B;HV[BH ) ~ — RT. 9) (By), the difference in PAs of the reference bases and the average
eff value of PA(B*9), removes the covariance between the slope
h (1/RTex) and the intercepf—[PA(B) — PA(B9])/RTett + A-
(AS/R} obtained from the initial plot.

in which A(AS) is defined as the reaction entropy difference
between the two fragmentation channels. The entropic term
A(AS)/R can be canceled under the second assumptionlyf
structurally similar reference and unknown species are involved,
and the cancellation leads to the standard vet$imfithe kinetic

The main advantages of the kinetic method are its hig
sensitivity, even toward such subtle differences in thermochemi-
cal values as those caused by isotopic substitdfiéhiand the av
fact that it allows rapid measurement, performed using any In((k/K) ~ PA(B) — PA(B™) B
tandem mass spectrometer. The kinetic method has seen use in RTo¢
ion structure determinatior?§,;2? internal energy measure- av
ments?324and chiral analysis of biological compgcilun%ﬁs,27 in PA(B) — PAB™) _AAS)
addition to its major application in thermochemistry determina- RTo R
tions28-31

Despite this usefulness, the kinetic method is restricted by More recently, a temperature corrected kinetic method
the requirement that the entropy changes be equal for the(TCKM) has been proposed by using a triple plotting procedure
reaction channels involving each reference and the unknownto obtain improved relative thermochemical measuremiénts.
in order to eliminate entropic effects on the relative rate The gas-phase basicity of the analyte '@, defined in eq
constants. This limitation has drawn criticisfhSeveral ap- 12, can be plotted against effective temperatdig for
proaches address this issue. For instance, Squires advocated experiments done at various kinetic energies. This allows the
single reference variant of the kinetic metfbdh which the direct determination of the reaction entrofp(B) of the analyte
mass selected cluster ions are composed of a single referenceather than the differenc&(AS) between the reaction entropy
compound and a series of structurally similar compounds with of the analyte and the average value for a series of reference
unknown thermochemical properties. Under this “fixed” or bases.

(11
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GB'(B) = PA(B) + T,;ASB) (12) All compounds were commercially available (Aldrich Chemi-
cal Co., Milwaukee, WI) and used without further purification.

: : . ... The Thomson unit (1 Th= 1 atomic mass per unit positive
This method gives excellent data although it has been criticized charge) is employed to describe mass/charge rafit £

as incorrectly representing the errors through excessive averag-

ing and using three plots where two should suffite. Results and Discussion

In the general case where structurally dissimilar reference T4 check the validity of the proposed entropy corrected
bases are used, the reaction entropy differef@eS) will not kinetic method, a compound having known thermochemical
be a constant and a plot of kalk) vs PA(B) will not yield a properties is needed. This compound will be treated as the test

straight line. This difficulty can be overcome simply by = compound having unknown thermochemical properties during
rearranging eq 8 and directly incorporating the individual eyxamination of the entropy corrected kinetic method. Neglecting
entropic contributionsAS(Bi)/R) into the logarithm of the ratio  enropic contributions, the proton affinity and gas phase basicity

of the relative rates of dissociation. The method presented hereys \;rea have been determined recently by the standard version
overcomes the limitations of the TCKM procedure and was of the kinetic method using a series of chemically similar

arrived at independently by Armentrotit.Importantly, the compounds as referencl< In the present study, dissimilar

entropy corrected kinetic method (ECKM) can be applied t0 compounds are employed as references and urea is treated as
structurally dissimilar reference bases. The relationship on which e test compound to examine the validity of the proposed

it is based is shown in eq 13. entropy corrected version of the kinetic method.
Entropy Terms and Their Relationships. Prior to the
In((k/k)) — (AS(B))/R) ~ discussion of results of the entropy corrected version of the

(PA(B)/RT.) — [(PA(B)/RT,x) + (ASB)/R)] (13) method, it is desirable to first address the issue of selecting
appropriate entropy values for the two competitive reactions

4 and substituting e for T, this simplifies to eq 14, ion in eq 5 examined by the kinetic method is in fact an activated
species and that the measured ion abundance ratio is controlled
In((k/K)) — (AS(B,)/R) ~ by A(AS?), the difference in activation entropies of the two

competing reaction¥. Relying upon the fact that for each
reaction channel, the transition state sufficiently closely re-
sembles the products, we may make the approximations
Thus, a plot of the entropy corrected term Ri) — AS(B)/  AS(prod)~ AS*(trans), AS(prod) ~ ASH(trans), which leads
R] vs PA(B) will yield a straight line with slope RTerand an  to AS(prod) — AS(prod) ~ AS*(trans) — ASt(trans). This is
intercept given by—GB(B)/RTerr. By varying the collision  equivalent toA(AS)(prod) &~ A(AS¥)(trans). The above ap-
energy, a second plot can be made by plotting the negative valueproximation can be made for each reaction channel if this chan-
of the intercept GB(BRTerr versus the slope T This plot nel has no (or a very small) reverse activation barrier, as pointed
gives the gas-phase basicity of the analyte. A third plot of GB out earlier. For the loosely bound complexes of interest,
vs Teft then yields the proton affinity and the reaction entropy A(AS”) is thus assumed to be very similar to the corresponding
AS(B). Note, however, the new requirement that protonation reaction entropy differenceA(AS).15 As a result, the more
entropy values be available. accessible relative reaction entropies can be used instead of
In this study, particular cases are presented to demonstrate (AS?).
that by introducing an entropy corrected branching ratio term,  pjrect incorporation of the contribution from the reaction
In(k/k) — AS(Bi)/R, the kinetic method can be applied in cases entropy difference and correction of the logarithm of the ratio

(PA(B)/RTe) — (GB(B)RTey) (14)

where structurally dissimilar reference bases are used. of the relative rates of dissociation by the ratio of protonation
. entropy and the gas constaRt{R = 8.31 J/moiK), as shown
Experimental Procedures earlier in eq 13, should be a valid procedure. In practice, since

A triple quadrupole mass spectrometer (TSQ 700, Ther- the reaction entropyAS(By)] includes a constant value, the
moFinnigan, San Jose, CA) was employed to conduct all absolute entropy of the proton (S{)}, the absolute value of
experiments, with the ion source and manifold temperatures ASBi)/R is generally much larger than that of ki), i.e.,
maintained at 150 and 70, respectively. Volatile liquid  [ASBi)/R[> [In(k/K)|. Itis therefore convenient to express the
samples were allowed to leak into the ion source through a entropy change upon protonation using the protonation entropy,
modified GC inlet via a Granville Philips leak valve (Granville AS$, [AS, = SMH*) — SM)].°
Phillips Co., Boulder, CO) while the solid urea was introduced  In any event, since the entropy of the proton (SYH 108.9
by depositing a JuL solution in methanol onto the rhenium J/motK) cancels in eq 13, the reaction entropy difference
wire filament of a direct evaporation probe. The temperature A(AS) can be substituted by the difference of the two proto-
of the direct evaporation probe was first raised from ambient hation entropies\(AS;) using values obtained directly from the
to 300°C in 1 min, then kept constant at this temperature for literature? Excluding the absolute entropy of the proton, the
2 min during which time data were acquired before finally being absolute values of the entropy of protonation over the gas
increased to 800C in 1 min to pyrolyze any remaining material. ~ constantAS,(B;)/R are generally much smaller than those of
The ions of interest were mass selected in the first quadrupole!n(ki/K), i.e.,]AS,(Bi)/RI < |In(k/K)|. Thus, the correction of In-
Q1 and activated by collision in the second quadrupole Q2 using (k/k) made using protonation entropies should better represent
argon at a nominal pressure below 0.2 mTorr to maintain single the actual entropy change between the two competing reaction
collision conditions. The dissociation products were mass channels. When using the entropy of protonathd, the kinetic
analyzed by scanning the third quadrupole Q3 of the triple method takes the form
qguadrupole. Experimental data were collected at several different _ ~
collision energies. Each peak ratio measurement was made inln((ki/k)) (ASP(B‘)/R) -
triplicate with each measurement made by averaging 50 scans. (PA(B)/RT) — [(PA(B)/RTq) + (Asp(B)/R)] (15)
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TABLE 1. Thermochemical Values for Reference
Compounds

reference PA GB AS,

compounds (kd/molp  (I/molp (I/motK)

series | N-methyl acetamide 888.5 857.6 5.0
acetophenone 861.1 829.3 2.0
N,N-dimethylformamide 887.5 856.6 5.0
ethylene glycol dimethyl 858.0 820.2 —18.0

ether

series [IA N-methyl acetamide 888.5 857.6 5.0
acetophenone 861.1 829.3 2.0
N,N-dimethylformamide 887.5 856.6 5.0
dimethyl sulfoxide 884.4 853.7 5.8
thiourea 893.7 863.9 9.0

series [IB  glycerol 874.8 820.0 —75.0
cis-1,2-cyclopentanediol 885.6 853.1 0.0
1,2,4-butanetriol 905.9 841.0 —109.0
1,4-butanediol 915.6 8549 —95.0

aPA, GB, andAS, values taken from literatur®.

e = N w

In(k/k) - AS,(B)/R

In(k/k)

R S O,

APA(B)) (kJ/mol)

Figure 1. Kinetic method plots for urea using series | as test reference
bases at collision energy 10 eV. The uncertainties shown oyp-éxés

are one standard deviatiom) Standard method plot: Ik(k) versus
APA(B)); regression coefficientR?) = 0.9458. ) Entropy corrected
method plot, Ink/k) — AS,(B;)/R versusAPA(B;): Regression coef-
ficient (R?) = 0.9972. Uncertainties of:5 J/mol.K in AS(B;) and
uncertainties oft5 kJ/mol inAPA(B;) are included for each reference
base.

Application of the Entropy Corrected Kinetic Method. The
objective of this section is to test the concept just noted, viz.,
that if the protonation entropies of the reference bases are
known, then these values can be directly substituted into eq 15
to make entropy-corrected thermochemical measurements.
Consider for instance, a set of four reference basésmethyl
acetamide, acetophenomMgN-dimethylformamide, and ethylene
glycol dimethyl ether termed series I. The proton affinities PA,
gas-phase basicities GB, and the entropies of protonatfn
of the above species are listed in Table 1. In this stbEmethyl
acetamide, acetophenone, amN-dimethylformamide are
regarded as structurally similar reference bases when compare

with urea since protonation of the above species is expected to

occur at the nonbonding electrons of oxygen, analogously to
the protonation of urea and its anald§<On the other hand,
ethylene glycol dimethyl ether is a well-known bidentate
complexing agent for inorganic and organic cations. Formation
of intramolecular hydrogen bonding upon protonation of the
ether creates constrained structures. As a result, significant
entropy loss occurs upon the protonation of ethylene glycol
dimethyl ethert748

Zheng and Cooks

entropy correction, one point deviates substantially from the
straight line. However, a much smaller deviation in this point
is observed when the lk(k) value for each reference base is
corrected by the entropy contribution. The substantial deviation
observed in the initial plot is due to the limitation of the kinetic
method which requires either zero or a constant difference in
relative reaction entropies. Similar behavior was also observed
at other collision energies from 1 to 20 eV with the data being
listed in Table 2.

The entropy corrected kinetic method allows one to overcome
one of the limitations of the kinetic method, which limits the
choice of reference bases to those that represents a family of
structurally similar compounds. By directly incorporating the
entropic term AS,(Bi)/R) into the logarithm of the branching
ratio, an entropy corrected logarithm of the branching ratio term
In(ki/k) — ASy(Bi)/R is obtained. To remove the correlation
suggested earlier, we adopt Armentrout’s improved double
plotting method and eq 13 is modified as follows:

PA(B) — PA(B™)

In((k/K)) — (AS,(B)/R) ~ RT., -
PA(B) — PA(B™"9)

RT,

eff

+ (AS,B)R)| (16)

The average proton affinity PA(BY) is identical to that used
in the standard method plot. When plotting the entropy corrected
term Ink/K) — ASy(Bi)/R versusAPA(B2¥9), smaller deviations
were observed in comparison with the corresponding initial plot
without entropy correction. However, significantly higher
uncertainties were observed with the entropy corrected data in
comparison with the original data due to the incorporation of
higher uncertainties from the literature valugss(J/motK in
AS,). Comparison of the two plots before and after entropy
correction at collision energy of 10 eV, is illustrated in Figure
1. The effective temperature can be extrapolated from the slope
1/RTex given by the plot based on eq 16, and the intercept which
is given by

PA(B) — PA(B2"9)
B RT.

eff

+ (AS,B)/R)

The weighted intercept and slope derived from the initial plot
are—0.302+ 0.075 and 0.14% 0.005, respectively. After the
entropy correction, acetophenone and ethylene glycol dimethyl
ether lie in opposite sides relative of the resulting line, which
suggests a significant entropy contribution in the case of ethylene

glycol dimethyl ether. Similar results obtained at other collision

energies between 1 and 20 eV are listed in Table 3.
According to eq 16, a further plot of the negative value of
the intercept

PA(B) — PA(B®")
RT,

eff

+ (AS,(B)/R)

versus the slope RTe should yield a second straight line with
a slope given by the proton affinity difference PA(B)

When using the above four compounds as reference base$?A(Bi2Y9 and an intercept given by the protonation entropy term

and plotting the logarithms of the branching ratidifk) versus

the proton affinity differencé\PA(B;), typical data for collision
energy 10 eV are shown in Figure 1. In this plot, the average
proton affinity PA(B2Y9 is taken as the mean PA value of the
above four reference bases in series | [PA = 873.8 kJ/
mol]. From Figure 1, it is clear that, in the initial plot without

AS(B)/R. It is important to point out that the entropy corrected
method directly gives the entropy term instead of the entropy
difference. The entropy of protonatids$,(B) can be converted

to the reaction entropyAS) simply by subtracting this value
from the absolute entropy of the protd®ii*)). With the results
from as many as twenty different collision energies (Table 4),
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TABLE 2: Experimental Data? for Series | Reference Bases

In(ki/k)®
collision energies (eV) N-methyl acetamide ethylene glycol dimethyl ether  N,N-dimethylformamide acetophenone
1 4.26+ 0.08 —5.63+0.18 3.35+ 0.12 —2.76+ 0.06
2 4174+ 0.06 =577+ 0.12 3.59+ 0.09 —2.77+0.12
3 3.78+0.11 —5.16+0.20 2.64+ 0.06 —2.51+0.08
4 3.59+ 0.12 —5.15+0.09 3.42+0.15 —2.44+0.04
5 3.54+ 0.02 —5.30+0.14 3.14+ 0.14 —2.354+0.02
6 3.41+0.09 —5.01+0.12 2.91+ 0.02 —2.23+0.05
7 3.30+ 0.04 —5.11+0.02 2.65+ 0.01 —2.54+0.10
8 3.01+0.08 —5.10+ 0.16 2.54+ 0.07 —2.30+ 0.09
9 2.89+ 0.07 —4.89+ 0.06 2.34+ 0.05 —2.13+0.02
10 2.44+ 0.06 —4.57+0.08 2.21+ 0.03 —2.01+0.04
11 2.49+ 0.04 —4.66+ 0.12 2.14+0.12 —1.86+ 0.05
12 2.34+0.10 —4.78+0.11 2.11+ 0.02 —1.83+0.08
13 2.21+0.02 —4.74+ 0.18 2.21+0.01 —-1.75+0.14
14 2.10+ 0.05 —4.63+0.20 1.93+ 0.05 —1.87+0.04
15 2.00+ 0.08 —4.54+ 0.04 1.38+ 0.06 —1.92+ 0.02
16 1.92+ 0.06 —4.450.09 1.76t 0.04 —1.86+ 0.05
17 1.85+ 0.03 —4.714+ 0.02 1.24+ 0.02 —1.744+0.02
18 1.79+ 0.02 —4.40+ 0.13 1.17+0.02 —1.56+ 0.07
19 1.72+ 0.02 —4.594+ 0.10 1.1440.03 —1.70+ 0.05
20 1.67+0.04 —4.71+0.08 1.34+ 0.05 —1.32+0.02

aValues given as the average of triplicate measureménalues given as the average valttestandard deviation.

TABLE 3: Entropy Corrected Data @ for Series | Reference Bases
In(ki/k) — AS,(B;)/R°

collision energies (eV) N-methyl acetamide ethylene glycol dimethyl ether  N,N-dimethylformamide acetophenone

3.66+ 0.61 —3.46+ 0.63 2.75+ 0.61 —3.00+ 0.60
2 3.57+0.60 —3.60+ 0.61 2.99+ 0.61 —3.01+0.61
3 3.18+0.61 —3.00+ 0.63 2.04+ 0.60 —2.75+ 0.61
4 2.99+ 0.61 —2.98+ 0.61 2.82+ 0.62 —2.68+ 0.60
5 2.94+0.60 —3.144+ 0.62 2.54+ 0.62 —2.59+ 0.60
6 2.81+0.61 —2.844+0.61 2.31+ 0.60 —2.474+ 0.60
7 2.70+ 0.60 —2.944+ 0.60 2.05+ 0.60 —2.78+0.61
8 241+ 0.61 —2.94+0.62 1.94+ 0.60 —2.54+0.61
9 2.29+0.60 —2.724+ 0.60 1.74+ 0.60 —2.37+0.60
10 1.84+ 0.60 —2.40+0.61 1.61+ 0.60 —2.254+ 0.60
11 1.89+ 0.60 —2.50+ 0.61 154+ 0.61 —2.10+ 0.60
12 1.74+ 0.61 —2.61+0.61 1.51+ 0.60 —2.07+ 0.60
13 1.61+ 0.60 —2.58+ 0.63 1.61+ 0.60 —1.99+ 0.62
14 1.50+ 0.60 —2.46+ 0.63 1.33+ 0.60 —2.114+ 0.60
15 1.34+ 0.61 —2.38+ 0.60 0.78+ 0.60 —2.16+ 0.60
16 1.32+ 0.60 —2.28+ 0.61 1.16+ 0.60 —2.10+ 0.60
17 1.25+ 0.60 —2.544+ 0.60 0.64+ 0.60 —1.98+ 0.60
18 1.19+ 0.60 —2.24+0.61 0.57+ 0.60 —1.80+ 0.60
19 1.12+ 0.60 —2.424+0.61 0.54+ 0.60 —1.90+ 0.60
20 1.07+ 0.60 —2.544+0.61 0.74+ 0.60 —1.56+ 0.60

a Assuming the uncertainties inS,(B;) are+ 5 J/mol.K.? Values given as derived value standard deviation.

the second plot using the negative values of the intercept versudower than the reported experimental PA and GB values using
the slopes obtained from the initial plot yields a proton affinity the standard kinetic methdd(PA; = 873.5 kJ/mol, GR =
(PA) of urea of 868.4+ 2.5 kJ/mol and a protonation entropy 841.6 kJ/mol)
AS, of 9.4+ 0.5 J/mol.K with a linear regression coefficient Protonation Entropy Differences Derived from the Ex-
R2 = 0.8877. This plot is shown in Figure 2. The reaction tended Kinetic Method. The aim of this section is to test
entropy AS) and gas-phase basicity (GB) for urea derived from whether it is also possible to apply the entropy corrected kinetic
the PA andAS, are 99.5+ 5.0 J/mol.K and 838.& 3.0 kJ/ method when the protonation entropies are not directly available
mol, respectively. Since the uncertainties associated with the or when inconsistent values exist in the literature. This is done
literature values£ 5 J/motK in AS,) are significantly higher by determining a\(AS) value using the extended kinetic method
than the experimental uncertainties, it should be possible to and using it instead of literature values in the ECKM. For
minimize the uncertainties of the derived thermochemical values example, consider a group of reference bases, Series Il, made
by sampling more collision energies. That this procedure is not up of nine species that can be divided into two subseries, series
entirely successful is evident from the shape of Figure 2: 1IA,B (Table 1). Series IlA includes five reference bases:
sampling fewer points in the same energy range or removing N-methyl acetamide, acetophenomM¢N-dimethylformamide,
some points from either the beginning or the end of the plot dimethyl sulfoxide, and thiourea, while series 1B is comprised
results in slightly different thermochemical values. of four diols or polyols: glycerolcis-1, 2-cyclopentanediol,
The intercepts and slopes from the second plot as well as thel, 2, 4-butanetriol, and 1, 4-butanediol. Within each subseries,
derived thermochemical properties are listed in Table 5. The the reference bases have similar structures. However, the
derived gas-phase proton affinity and basicity values are slightly protonation entropies vary significantly even within the same



9944 J. Phys. Chem. A, Vol. 106, No. 42, 2002 Zheng and Cooks

TABLE 4: Weighted Intercepts and Slopes Obtained from and 0.145+ 0.014, respectively. For series IIB, these values
the Initial Entropy Corrected Plot @ for Series | as a Function are—4.135+ 0.104 and 0.148 0.006, respectively. Similar
of Collision Energy parallel plots are also observed at collision energies 13, 14, 17,
collision energies (eV) intercept slope 18, and 19 eV (data are listed in the attached Supporting
1 —0.0154 0.181 (0.193) 0.226- 0.013 (0.013) Information). A further plot of the negative of the intercept
2 —0.014+ 0.092 (0.099) 0.232 0.006 (0.007) (GB®PAB)/RTetr) versus the slope (RfTesr) over a series of
i *g-ggi 8-323 8-3;2; gégi 8-832 Eg-gég; collision energies yields the proton affinity (PA) and reaction
e : : : : : entropy differenceA(AS). The urea proton affinity resulting
2 0.062:4 0.053 (0.057) - 0.19% 0.004 (0.004) from the double plot of series IIA is 8692 4.0 kJ/mol while
7
8
9

—0.050+ 0.093 (0.099) 0.183 0.006 (0.007) . . .
—0.244+ 0.154 (0.165) 0.184-0.011 (0.012) series 1I1B ylelds the value 87448 3.2 kJ/mol. The reaction

—0.2824 0.082 (0.088) 0.173 0.006 (0.006) entropy differences resulting from the two plots are listed in
—0.267+ 0.104 (0.111) 0.16@ 0.007 (0.008) Table 5.

ﬂ :g:gggi 8:8;2 882% 8:12% 8:8&51 Eg:ggig T_he reaction entropy diff_erence recorded fc_)r urea and series

12 —0.360-+ 0.036 (0.038) 0.148- 0.002 (0.003) [IB is 60.4 £ 2.7 J/moiK while the value for series ll1A is much

13 —0.337+ 0.053 (0.056) 0.13% 0.004 (0.004) smaller (5.2+ 3.7 J/moiK) due to the structural similarity of

14 —0.4374+ 0.016 (0.017) 0.13@ 0.001 (0.001) series IIA with urea. Since the reaction entropy differefA¢AS)

15 —0.590+ 0.131 (0.140) 0.11& 0.009 (0.009) is identical to the protonation entropy differenaéAs,), it is

i‘; :gggéi 8'2‘3‘2 %8'22411; 8'1?% 8'833 Eg'g%g possible to directly incorporate the protonation entropy differ-

18 05694 0133 (0:142) 0102 0.009 (0:010) ence betwee_n series IIA,B into kyk) of series 1IB, while In-

19 —0.677+ 0.125 (0.133) 0.108 0.009 (0.009) (ki/k) from series IIA need not be corrected. A plot of the entropy

20 —0.57440.174 (0.186) 0.10%- 0.012 (0.013) corrected ratio versus the proton affinity differenc®A(B;),

aln(k/k) — AS(B)/R versusAPA(B).  Values given as derived including all rgference bases in series IIA,B, was .therefore

value + standard deviation (90% confidence limits). performed using the extended method data in this ECKM

determination.
In this case, the average proton affinity (PA{B = 888.6

1-

08 kJ/mol) is taken as the mean proton affinity of series 11A,B,
g including all nine reference bases. A typical figure showing the
g o fitting of series 11A,B by plotting the entropy corrected ratio
4 o K versus the proton affinity difference at collision energy 15 eV
o is illustrated in Figure 4. It is satisfying that this plot includes
£ 02l all nine reference bases with multiple compounds having
% > dissimilar structures. From Figure 4, the weighted intercept
= + (1.858 + 0.130) and slope (0.13%- 0.009) were obtained.

Similar corrections at other collision energies were also
performed. The double plotting method can be used on the entire
04 - — — ——————r ‘ data set to derive corrected thermochemical properties of urea,
0.07 0.09 0.11 0.13 0.15 0.17 0.19 0.21 0.23 0.25 PA — 8677:i: 23 kJ/mOI, GB: 8378:|: 28 k‘]/mol’ an(ﬁsp

URT = 8.4+ 1.7 JJmoiK, as shown in Table 5.

Figure 2. Double plot using the negative value of the intercept |t js jmportant to point out that as the reaction entropy
(weighted) versus the slope (weighted) obtained from the initial entropy difference between the two competitive dissociation channels

corrected kinetic method plot of series | for the determination of the j .
proton affinity and entropy of protonation of urea: plot of [PA(B) becomes larger, the results become less precise. For instance,

PAB™)J/RTur + (AS(B)/R) versus IRTer using the effective tem- t_he difference of 55_ J/meK between series IIA,B m_akes |t_
perature values obtained from twenty different collision energies ranging likely that one reaction possesses a reverse activation barrier.
from 1 to 20 eV. The uncertainties shown on both thaxis and As a result, substitution of In(@Q*) by the —A(AS) term in

the y-axis are one standard deviation. Regression coefficieéf)t eq 7 becomes questionable. Furthermore, the above approxima-
0.8877. tion becomes increasingly unreliable as the differences in
subseries. For instance, the four reference bases listed in serie§'easured\(AS) values increases. Another issue not addressed
1B are all diols or polyols and similar intramolecular hydrogen S the use ofTe instead ofT in eq 15 and earlier equations.
bonding is expected upon protonation. Their protonation The effects of this assumed equality have not been explored.
entropiesAS, obtained directly from the literature, however, (Compare the curvature in Figure 2 and the data of Efjin.

-0.2 -

vary from 0 to—109 J/moiK. As a result, direct incorporation In summary, in the above attempts to address one limitation
of the above values into the logarithm of the branching ratio of the kinetic method, the protonation entropy of each reference
must give erroneous results. compound is directly incorporated into the logarithm of the ratio

Since each subseries meets the requirement of maintainingof the relative abundance of two competitive dissociation
similar structures among the reference bases, it is possible tochannels in cases where the reference bases employed are
apply the extended version of the kinetic method to each dissimilar to the analyte. The procedure used in this new method
subseries and obtain an averaged protonation entropy. A typicalincludes a plot of this entropy corrected branching ratio versus
kinetic method plot is illustrated in Figure 3. In this plot, the the proton affinity which yields a straight line with slope and
average proton affinity PAB'9) is 883.0 kJ/mol for series I1A intercept given by RTe and —GB(B)/RTes, respectively. A
and 895.5 kJ/mol for series IIB. Using the same collision energy statistical approach (see Supporting Information) is adopted for
of 15 eV, a plot of Ink/k) vs APA(B;) yields two almost parallel proper linear regression analysis as well as to obtain the
lines representing subseries IIA,B. On the basis of eq 11, theweighted intercepts and slopes. By varying collision energies,
weighted intercept{GB?PAB)/RTer) and slope (RTes) for a second plot of the negative value of the intercept [GB(B)/
series IIA, obtained from the initial plot, are 1.244 0.164 RTer] versus the slope (Tk) is made and it yields the proton
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TABLE 5: Proton Affinity, Gas-Phase Basicity, and Entropy of Protonation of Urea Derived from the Second Plot

reference
series intercept slope PA (kJ/mol) GB (kd/mol) AS,(I/mokK)  AS(I/motK)®  A(AS) (I/motK)
series | 1.13t 0.07 (0.03) —5.37+ 0.46 (0.18) 868.4- 2.5 (2.5 838.7+ 3.0 (2.9¥ 9.4+ 0.5(0.2f 99.5+ 5.0 (5.0% d
series IIA° 0.62+ 0.45 (0.36) —13.80+ 3.30 (2.60) 869.2 4.0 (3.4} 5.2+ 3.7 (3.0}
serieslIB 7.2740.32 (0.26) —20.66+ 2.07 (1.64) 874.8 3.2 (3.0} 60.4+ 2.7 (2.1}

series I1A,B 1.0t 0.21 (0.16) —20.86+ 1.52 (1.20) 867.7 2.3 (2.1} 837.8+ 2.8 (2.6§ 8.4+ 1.7 (1.4f 100.5+ 5.3 (5.2

2Values given as derived value standard deviation (90% confidence limit8)Calculated a@a\S (J/motK) = 108.9— AS,. ¢ From the entropy
corrected kinetic method.Not applicable From the extended kinetic method.

4- 1,
|
2
1 . - g-
)
04 e 15 —
g :
\% 2 E ~J
= =
3 n
4 £ 4 —
s
3 (R . ‘ S 2t
25 20 A5 0 5 0 5 10 1520 2 0.11 0.12 0.13 0.14 0.15 0.16
APA(B,) (kJ/mol) 1/RT,,;
Figure 3. Kinetic method plots, Irk/K) versusAPA(B;) for reference Figure 5. Double plot using the negative value of the intercept

bases in series IIA,B using urea as the test compound at collision energy(weighted) versus the slope (weighted) obtained from the entropy
15 eV. The uncertainties shown on taxis are one standard deviation.  corrected kinetic method plot for both series IlA and IIB for the
(m) Series I1A: regression coefficienRf) = 0.9963. &) Series IIB: determination of the proton affinity and entropy of protonation of
Regression coefficienf¥) = 0.9712. urea: plot of [PA(B)— PAB™9)/RTer + (AS(B)/R) versus R
using the effective temperature values obtained from six different
collision energies. The uncertainties shown on bothxtagis and the
y-axis are one standard deviation. Regression coeffickhtf 0.9777.

7

Conclusions

N7 TN

S

The kinetic method has been used extensively as an ap-
proximate method for determining relative thermochemical
properties based on the rates of competitive dissociation of the
14 mass-selected cluster ions. It must be used with care, typically
04 by selecting reference bases and conditions so that entropy
changes for the competitive reactions of the reference and
] unknown compounds are equal. In this study, we present
particular cases and demonstrate, by introducing an entropy
corrected branching ratio term, that the kinetic method can be
applied to structurally dissimilar reference bases. However, this
procedure requires additional knowledge in the form of entropic
Figure 4. Entropy corrected kinetic method plot, kik) — AS/R data which may or may not be readily available. In fact, the
versusAPA(B), fc_)r' both series IIA and IIB using' urea as the test ' main use of this version of the kinetic method may be as a
compound at collision energy 15 eV. The uncertainties shown on the g, ..o of entropic information in cases where enthalpies are
y-axis are one standard deviation. Uncertainties6fJ/motK in AS, . -
are included for each reference base. Regression coeffidRnt=( known. Previous work has shown that the kinetic method has
0.9740. value in the areas of ion structure determination, gas-phase chiral

distinction, and energy partitioning. It is likely to be even more
affinity as well as the protonation entropy of the analyte. important for the measurement &S and for making and
Armentrout’s approach of subtracting an average PA of the validating T determinations. Future research may include
reference bases is employed to remove the covariance involvedapplying the entropy corrected kinetic method to the measure-
in the second plot. This method provides results that are ment of the entropy contributions to the dissociation of large
consistent with values obtained from the literature using the biological cluster ions as well as fundamental studies in the area
standard method. of kinetic energy partitioning in simple organic compounds.

Even though we propose the entropy corrected version of The key features of the present method include (i) explicit
the kinetic method as a general approach, we recognize thatcorrection of the branching ratio for entropy effects, rather than
this method relies on known values of protonation entropies assuming no effects (standard form of the method) or constant
which, in many cases, are not readily available. Even though differences (extended version); (ii) accurate treatment of
applications of this method may be hampered by the lack of a uncertainties and linear regression using a statistical approach;
reliable source of protonation entropies, valuable information (iii) use of Armentrout’s average PA subtraction method of
on conformation and other structure features of the analyte mightavoiding covariance; (iv) use of a protonation entropy procedure
be provided and this would further justify its use. to avoid swamping the effects of interest.

In(k/K) - AS (B)/R

-30 20 -10 0 10 20 30
APA(B,) (kJ/mol)
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