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1. Introduction

Proton affinities of aldehyde molecules
determined from the forward and backward
gas-phase proton transfer reactions in a selected
ion flow-drift tubef

Maroua Omezzine Gnioua, 2 ?° Anatolii Spesyvyi 22 and Patrik Spanél () *2

Proton affinity (PA) and gas-phase basicity (GB) are important thermodynamic properties that provide
insights into ion—-molecule interactions. Aldehydes play a significant role in biology, the environment,
and industry, but their PAs remain unknown for those with more than 5 C atoms. This study aims to
experimentally determine PAs and GBs of hexanal, heptanal, and octanal using pentanal as a reference.
A selected ion flow drift tube (SIFDT) was used to study proton transfer reactions among all possible
combinations of protonated and neutral molecules from this set. Rate coefficients (k), equilibrium
constants (K), and effective temperatures (To¢) were used to calculate Gibbs free energy changes (AG) and
enthalpy changes (AH). PAs and GBs were then determined relative to the known values of pentanal.
Experimental PAs were found to increase with aldehyde chain length: pentanal 796.6 kJ mol™ < hexanal
809.6 kJ mol™! < heptanal 813.4 kJ mol™ < octanal 824.0 kJ mol . Theoretical enthalpies and
entropies were obtained via density functional theory (DFT) B3LYP/6-311++G(d,p) with D4 dispersion
correction for both open and bent protonated structures, allowing comparison with experimental data.
The theoretical calculations for open structures underestimate the observed PAs, while the bent structures
align more closely with experimental trends, indicating that larger protonated aldehydes may have bent
and cyclic shapes. These findings contribute to bridging the gaps in knowledge about protonated
aldehydes, providing a better understanding of their ion chemistry.

Over the decades, significant efforts have been devoted to
measuring and estimating PA for various compounds, resulting

Proton affinity (PA) and gas-phase basicity (GB) are key thermo-
dynamic properties that indicate a molecule’s ability to accept a
proton in the gas phase."® These properties are important for
understanding chemical ionisation in mass spectrometry, cat-
alysis, and molecular interactions.

PA measures the enthalpy change when a molecule accepts a
proton in a notional reaction:

A+H' — AH' 1)
GB refers to the Gibbs free energy (AG) released in this process:

GB = —AG )
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in extensive data collection.® These data are currently sum-
marised in the NIST WebBook, which critically evaluates both
experimental and theoretical data.”

Experimental determination of PA typically relies on mass
spectrometry techniques. While relative PA values are mea-
sured with reasonable accuracy, obtaining absolute values
remains challenging.> One of the experimental methods*
involves the calculation of GB from measured equilibrium
constants (K) for reversible proton transfer reactions. In the
present study, this was done by using a selected-ion flow drift
tube (SIFDT).” Complementary to experimental approaches,
ab initio quantum chemistry calculations employing density
functional theory (DFT) have been used to predict enthalpy (AH)
and entropy (AS) changes associated with PA values. A compre-
hensive overview of PA from a theoretical perspective is given by
Maksi¢ et al." The use of the B3LYP functional and standard Pople
basis sets, such as 6-311++G(d,p) or 6-31G*, is currently consid-
ered good practice for performing PA calculations.®”

Until now, the proton affinities of saturated aldehydes have
only been studied for compounds with up to five carbon atoms.
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https://orcid.org/0000-0003-1096-915X
https://orcid.org/0000-0003-0220-0519
https://orcid.org/0000-0002-9868-8282
http://crossmark.crossref.org/dialog/?doi=10.1039/d5cp00328h&domain=pdf&date_stamp=2025-03-14
https://doi.org/10.1039/d5cp00328h
https://doi.org/10.1039/d5cp00328h
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp00328h
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP027013

Open Access Article. Published on 28 February 2025. Downloaded on 4/4/2026 2:10:06 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Given that the analyses of trace amounts of their vapours using
SIFT-MS® and PTR-MS®'° are important in biological, medical,
and food applications, it is crucial to understand the trends in
their proton affinity (PA) and gas phase basicity (GB) values.
Additionally, gaining insights into the structure of their proto-
nated molecules is important, as our previous mobility studies
suggested that larger protonated aldehyde molecules may have
cyclic structures.” Pentanal can serve as a reference compound
because its proton affinity (796.6 k] mol ') and gas phase
basicity (764.8 k] mol ") were well established based on ammo-
nia (NH;) by Taff et al. in an unpublished study reported in ref.
12 and by Wolf et al," and by Aue et al. referenced against
dimethyl ether."* The agreement between these results is within
0.1 kJ mol ™, which indicates pentanal’s suitability as a bench-
mark compound. The objective of the present study was to
experimentally determine the gas-phase basicity (GB) and proton
affinity (PA) of hexanal, heptanal, and octanal, using pentanal as
a reference. We conducted 12 separate SIFDT investigations into
the kinetics of proton transfer reactions among all possible
combinations of proton donors and proton acceptors involving
these four compounds. DFT calculations were used to explain
the experimental trends observed in GB and PA by changes in
the structures of the aldehyde molecules on protonation.

2. Methods

2.1 Selected ion flow drift tube instrument

This study used a selected ion flow drift tube (SIFDT) instrument
designed and developed in our laboratory,">™*” which is described
in detail in recent publications."**® Only a brief description is
provided here to highlight a specific modification made for this
study involving the addition of a new port to introduce neutral
molecules into the drift tube reactor, facilitating the study of ion—-
molecule reactions."

The scheme of the present configuration is shown in Fig. 1.
H;0" ions were produced in a hollow cathode (HC) discharge
through water vapour and transferred via a source drift tube
(SDT) filled with helium carrier gas (He) into the octopole (OP)
ion guide. To convert H;O' ions to protonated aldehydes
for some experiments, a mixture of aldehyde vapour and clean
air from a zero-air generator contained in a Nalophan bag
was introduced into the ion source via a needle valve and a
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stainless-steel capillary VOC vapour port (labelled M, in Fig. 1).
In the OP, the H;0" ions may then undergo proton transfer
reactions with the aldehyde molecules forming MyH" ions.
The reagent ions (either H;O' or MyH') are selected in the
quadrupole mass filter (QMF) by their mass-to-charge ratio (m/z).
The selected ions are then injected through the Venturi inlet (VI)
with a helium stream into a Venturi drift tube (VDT) maintained at
an electric field strength of E =5V cm™ ", Within the VDT, the ion
energy is reduced through multiple collisions with He atoms, and
ions are thermalised to a Maxwell-Boltzman distribution of kinetic
and internal energies at an effective temperature close to 300 to
400 K. The ions are then carried downstream by the He flow to the
drift tube reactor (DTR) at a pressure of 2 mbar.

A separate port (labelled M;) introduced neutral aldehyde
molecules (again as a mixture of vapour in clean air in a
Nalophan bag) into the DTR at varying flow rates controlled
by a flow controller (Alicat 5 sccm). The ion residence time is
determined by Hadamard modulation as detailed in previous
publications.>*"**> The helium flow in the DTR is counter to that
in the VDT, with both flows evacuated between the drift tubes
via a valve-regulated booster port of an Edwards nEXT300
turbomolecular pump (Fig. 1). This counterflow setup ensures
a homogeneous gas composition within the DTR, unaffected by
the gas from the VDT.

The applied voltage across the DTR (U) is monitored and
adjusted to achieve a constant reduced field strength (E/N) 30
Td for the present experiments. After the ion-molecule reac-
tions occur in the DTR, the resulting product and remaining
reagent ions are sampled through a sampling nose cone (NC)
and introduced to a downstream quadrupole mass spectro-
meter (QMS), where they are analysed based on m/z and
detected by an electron multiplier.

The reagents were purchased from Sigma-Aldrich:
pentanal (valeraldehyde) 97%, hexanal 98%, heptanal 95%
and octanal 99%.

2.2 Determination of rate coefficients and branching ratios

In the present study, reaction kinetics were determined for six
combinations of MoH' and M; always complemented by a
reference experiment on the reaction kinetics of H;O" and
M;. The H;0" reactions proceed as follows:

H;0" + M, - M;H" + H,0 (3a)

HC M
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Fig. 1 Schematic representation of the current SIFDT arrangement with designated main operational parts and the vacuum system. Adapted from ref. 11

(available under the CC BY 4.0 open-access license).
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—(M;-OH)" + 2H,0 (3b)

The total rate coefficients for these exothermic proton
transfer reactions are assumed to be collisional®® and thus their
rate coefficients were calculated according to ref. 24 for pentanal,
hexanal, heptanal, and octanal as 3.39 x 102 em® s™%, 3.37 x
107° em® s, 3.47 x 107° em® s7%, and 3.38 x 107° cm® s7%,
respectively. The decay rate of H;O" with a variable flow of the
M, mixture serves as a reference to determine the rate coefficient
for the MyH" reaction, as will be discussed later.

To determine the product ion branching ratios, the first
aldehyde (M,) was introduced into the ion source, where it
reacted with H;0O" ions to produce MoH". The second aldehyde
(M;) was introduced in the DTR at several flow rates, and the
resulting mass spectra were obtained using QMS. These mass
spectra allow the identification of product ions of the reaction.

MH"+M; - MH'M; (4a)
>M;H" + M, (4b)
—(M;-OH)" + M, + H,0 (4¢)

The process proceeds through three primary reaction channels:
association (4a), proton transfer (4b) and fragmentation (4c).
The branching ratios were calculated by averaging the percen-
tages of the signals of the three primary product ions: M;H",
(M;-OH)" and MyH'M; determined for each flow rate (0 to
3 sccm) and then averaged across all flow rates to provide the
overall branching ratio for each reaction pathway.

To determine the reaction rate coefficients, the decays of the
H,0" and M H" were monitored as a function of the flow rate of
M;. These follow the relationships:

[H;0%])

ln([H;oﬂo) — it M )
MH* ]\

ln<[MooH+]o> ~ o (M o0

where [H;0'], and [MyH'], are the initial reagent ion intensities
in the absence of My, and [H;0"] and [MH'] are the intensities
observed at the neutral reagent concentration [M;]. ki is the
total rate coefficient for reaction (3) and k,, is the total rate
coefficient for reaction (4). t,y and ¢, are the measured resi-
dence times of the H;0" and M H" reagent ions.

The concentration of the neutral molecules M; in the DTR is
directly proportional to its flow rate @y as:

M) =i (6)

where @y, is the flow rate of M; in scem, P is the pressure in the
DTR in Torr, kg is Boltzmann constant, T is the absolute
temperature in Kelvin and @, is the total flow rate, which
is the sum of the carrier gas flow and the flow of the introduced
sample M;. Under experimental conditions, @, and T are
kept constant. Therefore, the concentration of M, is linearly
proportional to its flow rate:

[My] = Cy, (7)
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where the constant is:

P

C=—1
kB Tgbtotal

(8)
This means that the decays of H;0" and MyH" can be compared
to obtain relative rate coefficients without knowing the absolute
value of [M;]. The logarithmic decay of each reagent ion (5a)
and (5b) can be plotted and approximated by a linear fit:

[H:O0'T _

" (W) - .
MoH]\ _

" (W) G .

For each reagent ion, the slopes of the logarithmic plots Sy (of
[H;0'] vs. t@y,) and Sy (of [MoH'] vs. tyy Pyy,) were deter-
mined across the four repeated experiments and averaged to
ensure accuracy. The total rate coefficient for reaction (4) was
then calculated using the ratio of the slope of the plot of
eqn (9a) Sy; to the slope of the eqn (9b) Sy:

So1

ko = kyi—
01 Hig

(10)
The partial rate coefficients of the proton transfer reactions (4b)
were then calculated by multiplying their branching ratios by
the total rate coefficients.

2.3 Determination of equilibrium constants and Gibbs free
energy changes

For each pair of aldehydes, the forward (kf) and backward rate
coefficients (k,) were determined as the partial proton transfer
reaction channel (4b) rate coefficients:
ke
MoH™ + M, \kj M H" + M,

b

(11)

where k¢ represents the rate coefficient for the forward proton
transfer reaction, when protonated aldehyde M,H" reacts with a
neutral aldehyde M;, while %, corresponds to the rate coeffi-
cient for the reverse reaction. The experimental equilibrium
constant K for each reaction was determined as the ratio of the
separately measured forward and backward rate coefficients:

kg

K =—
ky

(12)
The internal energy of the neutral molecules M; and M,
corresponds to the carrier gas temperature. However, the ions
MoH" and M;H" entering the reaction have elevated transla-
tional and internal energies due to the drift field. To account
for this when interpreting the equilibrium constant, we have to
consider the effective temperature of the reaction complex
{MH"M,}* that influences the rate coefficients, especially
for the endothermic direction of the proton transfer. The
effective temperature of ions results from a balance between
the kinetic energy gained from the electric field and the energy
lost during collisions. This temperature corresponds to the

This journal is © the Owner Societies 2025
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effective thermal energy of the ions, which is influenced by
their interactions with helium atoms.

The average kinetic energy of the drifting ions MH" is given
by the Wannier formula:**

m; de me de
2 2

KEion = ;kBT + (13)
The first term represents the thermal energy at gas temperature
T, and the second and third terms represent the average energy
gained by the drift in the electric field both in the direction of
the electric field and in random scattering during the colli-
sions, where m; and m. are masses of ions and He atoms,
respectively. kg is the Boltzmann constant and vq is the drift
velocity.

The mean relative kinetic energy of the collisions between
ions and He gas atoms in the centre-of-mass frame can then be
calculated as follows:

me 3 3
E. = |—"° | |KE, — 2kgT| + ks T 14
{mﬁrmj{ on ~ kB }+sz (14)

Similarly, the mean relative collision energy between ions
and neutral reactant molecules in the centre-of-mass frame is
determined as follows:

3 3
] |:KEion — ikBT:| + EkBT (15)

— WZr
e {mi + my
where m;, is the mass of the neutral reactant molecule.

The effective temperature of the reagent ions MoH" drifting
through He before they react was then determined according to
Viehland’s classical kinetic theory of drift tube experiments
involving molecular ion-neutral systems>® as follows:

2
PSR

3kg 3kg (16)

AR
Thermal corrections, Er, , for the total energies of the protonated
ions and neutral molecules were obtained using ORCA quantum
chemical software (see later for details) at the default reference
temperature of Tier = 298.15 K. Ey,  includes contributions from
translational, rotational, and vibrational motions. The thermal

correction of the drifting ions was obtained by scaling Er_ as
follows:

Teff

Eion = EnggT_f
TI¢l

(17)
The total energy of the reaction system, involving the drift-

ing ion impacting the neutral molecule MgH" M3, is calculated
by summing as follows:

Etotal = Eion + Eneutral + Er (18)

where Ej,, is the internal energy of the protonated ion at its
Tmyuty Eneutral 1S the thermal energy of the reactant neutral
molecule at Ti.f, and E; is the interaction energy between the
ion and the neutral molecule.

This journal is © the Owner Societies 2025
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The effective temperature of the reaction system was deter-
mined as follows:

Elolal
Trcf )
Ety8

(19)

Tetrs =

where E7 s is the thermal correction of the MoH" M; system.
This calculation was performed for each flow rate using the
measured vq values, and the average value was then used as Tegs to

calculate AG from the experimental K using the following equation:

AG = —kgTegIn(K) (20)

where k;, is the Boltzmann constant, and T is the effective
temperature of the reaction complex corresponding to the
increase of its energy due to the multiple collisions in the drift
filed, including the translational, vibrational and rotational
temperature. Positive AG values indicate endergonic (non-
spontaneous) reactions, while negative AG values indicate
exergonic (spontaneous) reactions, and they correspond to
the difference in gas phase basicities between M, and M;.

2.4 Thermodynamic cycles for relative gas-phase basicity

As mentioned in the introduction, the GB of pentanal is a reliable
reference for determining the GB of other aldehydes included in
this study, using a thermodynamic cycle approach.>”*® The
experiments yielded twelve values for AG for different proton
transfer reactions between each pair of aldehydes. These values
denoted as Al = AGPen-Hex; AZ = AGHex—Peru A3 = AGl‘»‘en—Hep; A4 =
AGHep-Peny AS = AGPen—Octy AG = AGOCt—Pem A7 = AGHex—Hepy AS =
AGHep-Hex’ AQ = AGHex—Octr AlO = AGO(:t—Hexy All = AGHep-Octy and
A1z = AGOct-Hep-

These experimentally determined values are not indepen-
dent, as they reflect differences in gas phase basicity between
the aldehydes. The relationship between these aldehydes and
their Gibbs free energy differences is visually represented in the
diagram in Fig. 2. This figure illustrates the thermodynamic
cycle framework, where each arrow corresponds to a measured
AG and provides a way to interpret the relative differences in GB
from the interconnectivity of the aldehyde pairs.

We obtained optimised relative Gibbs free energy differences
for the aldehyde pairs by combining the multiple experimental
values into evaluated gas-phase basicity values. These differences
are denoted as AGyexpens AGueptex aNd AGocrnep and can be
calculated from an overdetermined set of linear equations
using the Moore-Penrose pseudo-inverse method. This method

Octanal
AN AR LYY
As| | Aq Au| |Asn AG oct-Hep
Heptanal Yy
AA
As | | As A7l | As Aol |Aro AG Hep-Hex
Hexanal A\A 4
A]IIAZ 1 AG Hex-Pen
Pentanal AA 4 4

Fig. 2 The thermodynamic cycle represents the relationship between
experimental AG values for proton transfer reactions between aldehyde
pairs and the optimised ladder of the gas phase basicity GB.
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minimises the sum of squared residuals between the experi-
mental and calculated AG values, ensuring the best-fit solution.
Thus, the relationship between the measured and unknown AG
values was expressed as a system of linear equations in matrix
form, represented as

Ax=b (21)

The right side is the vector of the experimental AG values b =
[A1, A2y A3y Asy A5, Ag, A, Ag, Ao, Aro, A11, A12]". For the present
study, the matrices are thus:

rt 0 07 [ AGpen-Hex 7
1 00 AGHyex-pent
1 10 AGpen-Hep
1 10 AGHep-pent
1 1 1 AGpen-0ct
111 AGoct-pent
A= b=
01 0 AGHex-Hep
01 0 AGHep-Hex
0 1 1 AGHex-0ct
0 1 1 AGoci-Hex
0 0 1 AGHep-0ct
L0 O 1. L AGoct-Hep |

The matrix A encodes the coefficients in the equations corres-
ponding to Fig. 2, describing relationships between the mea-
sured AG values and the vector of the unknown optimal values
x = [AGyex-pens AGriep-tiexs AGocenep) - The best-fit solution for x
is then obtained by calculating the Moore-Penrose pseudoin-
verse (A") and multiplying it by b:

x=A"b (22)

The linalg.pinv() function from the NumPy (version 2.1.3)
library was used to calculate the pseudoinverse of the rectan-
gular matrix using singular value decomposition. This method
minimises the sum of squared residuals (|4-x — b||*), ensuring
the best-fit solution that is consistent with the experimental
AG values.

2.5 Determination of proton affinities

After optimising the AG values using the Moore-Penrose pseu-
doinverse method and aligning them to a common baseline
with pentanal chosen as the reference point, the GBs of each
aldehyde were derived by adding the experimental AG values to
the known GB of pentanal.

To obtain the experimental proton affinities (PA) of alde-
hydes, thermodynamic relationships involving Gibbs free
energy (AG) and enthalpy changes (AH) were utilised.

The AH for each proton transfer reaction was derived using
Ter and the entropy changes AS,(M):

6650 | Phys. Chem. Chem. Phys., 2025, 27, 6646-6655
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AH = AG + TerAS,(M) (23)

Here, AS,(M) represents the entropy change upon protonation,
which is obtained theoretically at Teg and expressed as follows:

AS,(M) = S(MH") — S(M) (24)

where S(MH') and S(M) are the entropies of the protonated
aldehyde MH" and its neutral form M, respectively. These
entropies, obtained from theoretical calculations using DFT
(see later for more details), account for the translational,
rotational, and vibrational contributions. Once the reaction
enthalpy (AH) for a specific reaction was determined, the PAs
of the aldehydes were then calculated sequentially. Starting
with the established PA of pentanal as a reference, the PA of
each subsequent aldehyde was determined by adding the
corresponding enthalpy change AH to the PA of the preceding
compound in the series. In summary, the experimental PA
values were determined by adding the theoretical entropy
contributions calculated at T.¢ to the experimental measured
(AH) values.

2.6 Computational methods and thermodynamic calculations

The molecular geometries of the neutral aldehyde molecules
and protonated MH" ions for all four aldehydes were initially
drawn using AVOGADRO software.>® Geometry optimisations
were subsequently obtained using ORCA 5.0.1 software.?® The
calculations employed the density functional theory (DFT)
method with the well-established functional B3LYP and the
sufficiently extensive basis set 6-311++G(d,p) incorporating the
D4 dispersion correction.®’ The choice of the basis set and
functional was based on good agreement with the known value
of PA for pentanal and on the current established practice.*?
Optimisations were achieved for all feasible structures of the
neutral molecules and protonated ions that are obtained by
placing the H' proton near the oxygen site of the aldehydes. It is
worth noting that the protonated aldehyde molecules may
exhibit both open and bent structures. Therefore, both config-
urations were considered, and the lowest energy structure was
chosen. The enthalpy (H), entropy (S) and Gibbs free energy (G)
values were calculated for each optimised structure, which was
subsequently used to determine AH, AS and AG. Thermal
corrections from the ORCA output files at a standard tempera-
ture of 298.15 K were scaled to match the experimental tem-
perature Teg, ensuring accurate thermodynamic values
reflective of the experimental conditions. The calculated lowest
energy ion geometries, charge distributions and thermody-
namic data are available in ORCA output files in the data
repository.

3. Results and discussion
3.1 SIFDT experimental results

The rate coefficients for the reactions (4) and the branching
ratios of their channels obtained using the SIFDT are given in
Table 1. Note that most experimentally obtained total rate
coefficients are near the collisional limits, k., calculated from
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Table 1 Reaction kinetics for all combinations of protonated aldehydes MgH* reacting with different aldehydes M; obtained in the SIDFT with He as
carrier gas at Te¢ The relative molecular mass of the aldehydes is shown in parentheses after the aldehyde’s name

Reaction

M; (RMM per Da)

MyH" (RMM per Da)

Pentanal (86)*? CsH,,0

Hexanal (101)* C¢H,,0

Heptanal (115)*? C,H,,0

Octanal (128)*” C¢H,0

Pentanal (87) CsH;OH"

1.3 [2.1]
MoH'M; 95% M;H" 4%

2.1 [2.2]
MoH'M; 95% M;H" 4%

3.3 [2.0]
MoH™M; 89% M;H" 4%

(M;-OH)" 1%

Hexanal (101) C¢H;,0H" 0.7 [2.1]
MoH"M; 99%
M;H" 1%

0.9 [2.0]
MoH"M,; 98%
M;H" 1%
(M;-OH)" 1%
1.2 [2.0]
MoH™M,; 67%
M;H' 1%
(M;-OH)" 33%

Heptanal (115) C,H;,0H" 1.6 [2.0]

Octanal (129) CgH;,0H" 1.6 [1.9]

“ For each reaction, the experimental k is given followed by the calculated collisional £** in the units of 107° ecm?® s

MoH'M; 98% M;H" 2%

MoH'M; 92% M;H' 2%
(M;-OH)" 6%

(M;-OH)" 1%
1.8 [2.0]
MyH"™M; 97% M,H" 3%

(M;-OH)" 1%

2.7 [2.0]

MH'M; 94% M,H" 5%
(M;-OH)" 1%

2.1 [1.9]

MoH'M; 92% M;H" 8%

1.8 [1.9]
MoH"™M; 98% M;H" 2%

~. » The product ions are given

symbolically, followed by their branching ratios, followed by the branching ratio in parentheses.

the reduced masses, polarisabilities and dipole moments
according to Su.”* The relatively slowest reaction is between
protonated hexanal and pentanal at 1/3 of collisional, and the
reactions with neutral octanal proceed fast, apparently above
the collisional limit. This can be explained by large geometrical
cross-sections of ions and neutral molecules for which point
approximation implied by Su does not apply, and all-atom
trajectory simulations would have to be used.*® In all reactions,
association (4a) is the dominant channel (67% to 99%), whilst
the proton transfer channel is only minor (1% to 8%) and the
H,O loss channel ranges from 0 to 33%. These kinetics data
were used to calculate the equilibrium rate constants (12) from
which the thermochemical properties were determined.

Table 2 gives the experimental results derived from the
reaction kinetics data for each reaction pair between two
different aldehydes, including the effective temperatures (Teg)
of the reaction systems, equilibrium constants (K), Gibbs free
energy changes (AG) calculated using eqn (20) and enthalpy
changes (AH) calculated using eqn (23).

The effective temperatures (Tes) of the reactions, as calcu-
lated from eqn (19), range from 352 K to 383 K. Higher Tes
values were observed for reactions involving lighter reagents,
while lower values correspond to heavier protonated aldehydes.

The equilibrium constants (K) and the Gibbs free energy
changes (AG) for the proton transfer reactions exhibit a wide
range of values, reflecting the varying tendencies of protonated
aldehydes (MoH") to transfer a proton to neutral aldehydes
(M;). A more negative AG corresponds to a higher gas-phase
basicity. For instance, the reactions involving protonated pen-
tanal demonstrate thermodynamically favourable proton trans-
fer to hexanal (K = 7.2, AG = —6.3 k] mol "), heptanal (K = 9.5,
AG = —6.8 k] mol '), and octanal (K = 28.0, AG = —10.6 kJ
mol '), indicating that gas-phase basicities relative to pentanal
increase with the number of the carbon atoms in the proto-
nated molecules (see Table 3). In contrast, when protonated
hexanal or heptanal reacts with pentanal, the reactions are

This journal is © the Owner Societies 2025

endergonic and have positive AG values. The experimental
results show that octanal exhibits the highest gas-phase basicity
in this study; for example, reactions of protonated octanal with
hexanal (K = 0.2, AG = 4.2 k] mol™") and heptanal (K = 0.2, AG =
4.5 kJ] mol™") are also endergonic. These AG values were
combined using the Moore-Penrose pseudoinverse method
(eqn (22)) to calculate relative gas-phase basicities, with penta-
nal serving as the reference. The results are given in Table 3.
Note that the GB and PA values follow a clear trend: pentanal <
hexanal < heptanal < octanal.

3.2 Comparison between the experimental results and the
initial DFT calculations: open protonated structures

The initial theoretical results were obtained from DFT calcula-
tions at T= 298 K using the open chain structures of protonated
molecules corresponding to optimised geometries starting
from adding a proton to the oxygen of the neutral molecule
(see Fig. 4). From the calculated Gibbs free energies, the
following AG values were obtained for the six reaction pairs:

Table 2 Experimental effective temperatures (Teg), equilibrium constants
(K), Gibbs free energy changes (AG) and enthalpy changes (AH) for proton
transfer reactions between various aldehyde pairs measured using SIFDT

Compound AG AH
MoH" M, Terr (K) K (k] mol™") (kJ mol )
Protonated pentanal Hexanal 383 7.2  —6.3 —12.99
Protonated hexanal Pentanal 380 0.1 6.3 12.87
Protonated pentanal Heptanal 363 9.5 —6.8 —11.06
Protonated heptanal Pentanal 370 0.1 6.9 11.28
Protonated pentanal Octanal 381 28.0 —10.6 —21.31
Protonated octanal  Pentanal 352 0.04 9.8 19.60
Protonated hexanal Heptanal 375 1.7 -1.7 —3.84
Protonated heptanal Hexanal 364 0.6 1.7 —0.42
Protonated hexanal Octanal 376 42  —45 —8.46
Protonated octanal Hexanal 356 0.2 4.2 8.01
Protonated heptanal Octanal 370 44  —4.6 —10.62
Protonated octanal Heptanal 365 0.2 4.5 10.47
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Table 3 Gas-phase basicities (GB) and proton affinities (PA) of aldehydes for bent ion geometry

Experimental gas phase

Compound (RMM) basicities GBey,” (k] mol ™)

Experimental proton
affinity PA? (k] mol™")

Theoretical gas phase

Theoretical proton
basicities GBeheo” (k] mol™")

affinity PA? (k] mol™)

Pentanal (86) 764.8° 796.6°
Hexanal (100) 770.7 809.6
Heptanal (114) 777.5 813.4
Octanal (128) 788.1 824.0

759.6 791.1
760.0 796.6
766.4 801.4
769.3 809.1

“ Experimental values determined using the SIFDT technique, with pentanal as the reference compound accounting for the effective Tes.
® Theoretical values are calculated for the lowest energy (bent) structures using B3LYP 6-311++G(d,p) D4 DFT. © Taken from the NIST® as a

reference for this study.

protonated pentanal to hexanal —1.2 k] mol ', protonated
pentanal to heptanal —1.9 k] mol ™", protonated pentanal to octanal
—2.3 k] mol !, protonated hexanal to heptanal —0.7 k] mol *,
protonated hexanal to octanal —1.1 kJ mol ' and protonated
heptanal to octanal —0.4 k] mol *. These theoretical AG values
are consistently smaller than the experimental results across all
aldehyde pairs. This is because these initial DFT calculations
assumed idealised open geometries that may not fully consider
the dynamic molecular interactions that can change the structure
of the protonated molecules formed in reactions (4b). Alternative
geometries, such as cyclic (bent) structures, could be more stable
and have lower total energy. Thus, we attempted to calculate several
different structures, starting from cyclic configurations of the ions
as a potential resolution to the differences observed between
theoretical and experimental results; these are also shown in Fig. 4.

3.3 DFT calculations of the bent structures of protonated
aldehydes

The results from the DFT calculations for the lowest energy
structures of protonated aldehydes are presented in Table 3,
alongside the experimentally obtained gas-phase basicities (GB)
and proton affinities (PA). The geometries illustrated in Fig. 4
are given in the repository in the form of ORCA output files.

wem=  SIFDT Experimental
w===_DFT Open
=== DFT Bent
840 1
o 824.0
=]
2 0
2 813.4
-1 809.6 30
:E 809.1
S
= 801.4
= 800 796.6 796.6
g
< =
H =
s 791.1
& (Open & Bent)
780
760
Pentanal Hexanal Heptanal Octanal
Compounds

Fig. 3 Proton affinities of the four aldehydes obtained by SIFDT experi-
ments (blue), DFT calculations for the open structures of the protonated
molecules (orange) and for the bent structures (green).
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Notably, for protonated pentanal, the lowest energy structure
retains an open configuration, similar to the neutral molecule.
However, for hexanal and heptanal, the lowest energy proto-
nated structure adopts a bent or a U-shaped geometry, and for
octanal, the protonated structure approaches a near-closed
cyclic configuration (see Fig. 4).

The enthalpies and entropies obtained by DFT for the lowest
energy structures of the protonated aldehydes again confirm
the rising trend of the gas phase basicity with the number of
carbon atoms. For instance, the bent structure of protonated
octanal exhibits the highest theoretical GB (769.3 k] mol ') and
PA (809.1 kJ mol ).

The theoretical GB and PA values for pentanal are slightly
lower than the reference values,'® and the calculated GB of
759.6 k] mol ' is 5.2 k] mol " lower than the literature value of
764.8 k] mol . Whilst this is not strictly within the so-called
chemical accuracy of 4 kJ mol™" (1 kcal mol '), it is in an
acceptable agreement for the B3LYP 6-311++G(d,p) DFT method.

The ladder diagram shown in Fig. 3 compares the experi-
mental and theoretical proton affinities (PA) for pentanal, hex-
anal, heptanal, and octanal. The experimental data, shown as
steps in blue, demonstrate a consistent trend of increasing PA
with the number of carbon atoms in the aldehyde chain: pentanal <
hexanal < heptanal < octanal. There is only one theoretical value for
protonated pentanal, as the DFT optimisation for both bent and
open initial geometries yields identical open structures corres-
ponding to the PA of 791.1 k] mol . This reflects the stability of
the open geometry for this smaller aldehyde.

For hexanal, the experimental PA = 809.6 kJ mol ' is
greater than the theoretical value of 796.6 k] mol™* by another
13 kJ mol ", The value for the open structure would be even
lower at 7963 k] mol™'. The experimental PA for heptanal
(813.4 k] mol ') is again greater than the theoretical value for
the lower energy bent structure (801.4 kJ mol™"), which is notably
higher than that for the open structure (792.6 kJ mol ).
Octanal exhibits the highest experimental PA (824.0 k] mol )
in this study, consistent with the highest theoretical PA
(809.1 k] mol™") for the bent ion. Again, the open structure
(corresponding to the PA of only 793.3 k] mol™") has signifi-
cantly higher energy. The near-cyclic geometry of protonated
octanal, as predicted in the bent theoretical model, likely
provides additional stabilisation through intramolecular inter-
actions, explaining its higher PA. While the ladder diagram in
Fig. 3 shows the PA values, the corresponding gas-phase
basicity (GB) values are summarised in Table 3. Together, these
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Fig. 4 Bent and open aldehyde structures with the corresponding enthalpy values (in Hartree) for each structure and the enthalpy difference between

open and bent structures (in kJ mol™?).

results demonstrate the increasing stability of protonated alde-
hydes with longer carbon chains and indicate that the proto-
nated aldehydes have bent geometries.

Overall, the experimental values show a clear trend of
increasing GB and PA with the size of the aldehyde molecule;
the values of octanal GB and PA are more than 21 kJ mol * and
27.4 kJ mol ' greater than those of pentanal. The theoretical
model that considers protons attached to linear chain mole-
cules predicts that the GB should increase by no more than
2.5 kJ mol~" and the PA by no more than 2.2 k] mol "
considering the bending or cyclisation of larger protonated
aldehydes somewhat improves the predictions, suggesting an
increase of GB by 9.7 k] mol~" and PA by 18 kJ mol~". There-
fore, in proton transfer reactions, it is possible that even more
energetically favourable structures are formed, which we did
not identify through DFT optimisations, potentially involving
bond rearrangements. Note that these results support the
speculation arising from ion mobility measurements' that
protonated heptanal and octanal adopt a cyclic geometry.

. However,

4. Conclusion

The primary results of this study are original experimental data
on the gas-phase basicities (GB) and proton affinities (PA) of

This journal is © the Owner Societies 2025

hexanal, heptanal, and octanal using selected ion flow drift
tube (SIFDT) studies of proton transfer between different pairs
of aldehydes. The elevated temperatures of reactions caused by
suprathermal ion-neutral interaction energies in the drift tube
facilitate the low proton-transfer channel (less than 8% for all
aldehyde pairs), which is otherwise not accessible at room
temperatures in the SIFT. These results revealed a clear trend
in gas-phase basicity and proton affinity, increasing with
molecular size in the order of pentanal < hexanal < heptanal <
octanal. Octanal thus has a PA more than 27 k] mol " greater than
pentanal. This is a surprisingly large difference, considering their
great chemical similarity.

The initial theoretical results obtained by DFT for open-
chain protonated structures predicted very little change in PA
(only 2 k] mol ™) in this series of aldehydes and did not explain
the experimentally observed trend of increasing PA with the
number of C atoms. To explain such a trend, U-shaped or cyclic
configurations of protonated aldehyde molecules needed to be
included in the DFT calculations. Bent and cyclic configura-
tions were found to have lower energies than the open chain
structures and resulted in an increase of the PA of octanal by
16 k] mol ™', in better qualitative agreement with the experi-
ment. Presumably, the remaining discrepancy indicates that
more rearrangement takes place upon the protonation of larger
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aldehydes. To fully investigate this, we suggest further work
using conformational searches®® or molecular dynamics to
explore the details of the proton transfer reaction.
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