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Octacalcium phosphate (OCP) can incorporate specific carboxylic acids into its crystal lattice. Such sub-
stances accomodating a molecular component in their crystal lattice have been recently categorised as
supra-ceramics. However, the physicochemical properties that govern the ability of carboxylic acids to be
incorporated into the OCP crystal are unknown. In this study, OCP was synthesised in aqueous solutions
of glutaric acid and its derivatives, each with different dissociation constants. Synthesis experiments were
conducted to determine whether these carboxylic acids can be incorporated into OCP. Glutaric acid, imi-
nodiacetic acid, and diglycolic acid could be incorporated into OCP, whereas 2,2'-thiodiglycolic acid was
not incorporated into OCP, revealing for the first time that iminodiacetic acid and diglycolic acid can be
incorporated into OCP. In addition, the dissociation constant of 2,2'-thiodiglycolic acid, which could not

Received 18th December 2025,
Accepted 26th March 2026

DOI: 10.1039/d5dt03031e

be incorporated, had an intermediate value among the studied carboxylic acids, suggesting that the dis-
sociation constant of carboxylic acids is unlikely to be a factor governing their ability to be incorporated
into OCP. These findings are expected to contribute to a deeper understanding of the incorporation of
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Introduction

Inorganic layered compounds are an essential class of com-
pounds, which, due to their fundamental scientific impor-
tance and wide range of applications as biomedical, energy,
electrical, optical, and magnetic materials, as well as catalysts,
have attracted intense research interest."'® The incorporation
of different molecules and ions between the layers is a fasci-
nating structural property of these compounds that plays a
key role in determining their functional characteristics.
Octacalcium phosphate (OCP, Cag(HPO,),(PO,),-5H,0) has a
layered structure composed of apatitic and hydrated layers," "
where the hydrogen phosphate ions in the hydrated interlayer
can be substituted by carboxylate ions,">'* which, in most
cases, are dicarboxylate ions."””* Among tricarboxylic acids,
only citric acid has reportedly been incorporated into OCP,>>*®
whereas among tetracarboxylic acids, 1,2,4,5-benzenetetracar-
boxylic acid has been reported to be incorporated into OCP.>”
Recently, Maeda et al. introduced a novel category for in-
organic solids incorporating molecular units called supra-cer-
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carboxylate ions into the OCP crystal.

amics.”® Based on this definition, carboxylate-containing OCP
can be regarded as a supra-ceramic.

Recent research on OCP incorporating carboxylate ions has
focused on developing new materials, particularly fluorescent
materials. OCPs incorporating aromatic carboxylate ions
exhibit fluorescence®*> and are expected to be used as bio-
imaging probes in the future. OCP is considered a precursor
of bone apatite®® and is also actively studied as an artificial
bone**™** alongside carbonate apatite.*>>* In other words,
OCP is a biocompatible material and a candidate for bio-
medical applications, including bioimaging probes. However,
developing OCP-based materials with incorporated carboxylate
ions must overcome a significant challenge posed by OCP’s
guest selectivity. For a given proposed novel OCP with incor-
porated carboxylate ions, it is currently impossible to know in
advance whether the carboxylic acid can be incorporated into
the OCP; rather, this can only be determined by experimental
synthesis, hindering the rapid exploration of numerous poss-
ible carboxylate-ion-incorporating OCP systems. Hence, eluci-
dation of the underlying mechanism of guest selectivity in
OCP is expected to accelerate the development of OCP
materials incorporating carboxylate ions dramatically.

The guest selectivity of OCP is not only a function of the
size of the carboxylic acid but also depends on the fine details
of its molecular structure, as illustrated by the following
example. Adipic acid (HOOC(CH,),COOH) is a typical car-
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boxylic acid that can be incorporated into OCP, and its struc-
ture and size are similar to those of cis,cis-muconic acid
(HOOCCH=CHCH=CHCOOH), which can also be incorpor-
ated into OCP. By contrast, it was reported that trans,trans-
muconic acid (HOOCCH=CHCH=CHCOOH) cannot be incor-
porated into OCP,>* demonstrating that small changes in
molecular structure can strongly affect the carboxylic acid’s
ability to be incorporated into OCP. Although achieving such
guest selectivity usually requires a precisely tuned host struc-
ture, OCP exhibits guest selectivity without such structural
control. To date, the mechanism underlying OCP’s guest
selectivity remains poorly understood.

The physicochemical parameters of carboxylic acids,
including molecular size, molecular weight, molecular confor-
mation, stability constant of their complex with calcium ions,
and dissociation constant, can vary significantly. It is desirable
to vary only a single parameter when investigating the influ-
ence of these factors on OCP incorporation; however, conduct-
ing such an experiment in practice is difficult. However, our
preliminary investigation found that for glutaric acid (GA,
HOOC(CH,);COOH) and its derivatives, the dissociation con-
stant changes systematically, whereas the molecular size
remains nearly constant. Therefore, we expect that the effect of
the dissociation constant of carboxylic acids on their incorpor-
ation into OCP can be elucidated by examining the incorpor-
ation behaviour of these carboxylic acids. In this study, we
investigated the incorporation behaviour of GA and its deriva-
tives into OCP to determine whether the dissociation constant
is the dominant factor governing incorporation.

Experimental section
Synthesis

The OCP samples were synthesised through a reaction
using calcium carbonate and phosphoric acid in the
carboxylic acid solutions. GA, iminodiacetic acid (IDAA,
HOOCCH,NHCH,COOH), diglycolic acid (DGA,
HOOCCH,0CH,COOH), and 2,2-thiodiglycolic acid (TDGA,
HOOCCH,SCH,COOH) were used in this study. The molecular
structures of these carboxylic acids are shown in Fig. 1. The
synthesis of OCP samples is described in detail in the SI. The
sample name is defined as X-Y, where X indicates the car-
boxylic acid used for OCP synthesis, namely GA, IDAA, DGA, or
TDGA, and Y indicates the amount (mmol) of carboxylic acid
used for the sample synthesis. For instance, IDAA-25 refers to
the sample synthesised using 25 mmol of IDAA.

(a) (b) (c) (d)
OH o OH o OH o OH o)
O)\/\/U\OH OJ’\/NH\)J\OH O)\/O\/U\OH O?J’\/S\)J\OH
Fig. 1 Molecular structures of (a) glutaric acid (GA), (b) iminodiacetic

acid (IDAA), (c) diglycolic acid (DGA), and (d) 2,2'-thiodiglycolic acid
(TDGA).
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The OCP sample that did not contain carboxylate ions was
synthesised as the standard material through the reaction
between calcium carbonate and phosphoric acid mixed in
ultrapure water, and is denoted as CONTROL.

Characterisation

The crystal phases of the samples were determined by X-ray
diffraction (XRD, MiniFlex600, Rigaku Corp. Ltd, Tokyo, Japan)
using Cu-Ko radiation (0.154 A), based on the powder diffrac-
tion file (PDF). Fluorophlogopite (Topy Industries Ltd, Tokyo,
Japan) was added as an internal standard before XRD measure-
ments to determine the (100) interplanar spacing (di¢o) of the
samples. The fluorophlogopite : sample mass ratio was fixed at
1:4, and the OriginPro 2025 software was used for peak separ-
ation. The chemical structures of the samples were character-
ised by attenuated total reflection Fourier-transform infrared
(FTIR) spectroscopy (FT/IR-6200, JASCO Corp., Tokyo, Japan)
using a Ge prism and Raman spectroscopy (WP 785X-R,
Wasatch Photonics Inc., UT, USA) using a 785 nm laser.
Thermogravimetry (TG) and differential thermal analysis (DTA)
were performed for representative samples using a thermal
analyser (DTG-60H, Shimadzu Corp., Kyoto, Japan).

The stable structures of GA, IDAA, DGA, and TDGA in
vacuum were estimated using the universal force field
method®® and the Avogadro software (Ver. 1.2.0).>® The mole-
cular size was obtained from the stable structures. The dis-
sociation constants (pK,; and pK,,) of these dicarboxylic acids
were estimated using MarvinSketch (Ver. 23.11.0) for an ionic
strength of 0.1 mol L™" at 25 °C.

Results

We have formerly demonstrated the successful synthesis of
OCP with incorporated glutarate ions (GA-25), and since these
results have been described previously,”® they will not be
described in detail here. However, because the d,,, value
obtained for GA-25 by XRD analysis is discussed below, the
XRD pattern of GA-25 is included in the SI (Fig. S1).

OCP synthesised in IDAA solution

The XRD patterns of the samples synthesised in the IDAA solu-
tion are shown in Fig. 2(a). The diffraction peaks detected in
CONTROL can be assigned to plain OCP (Cag(HPO,),(POy),
5H,0, PDF #01-074-1301). Hereafter, the term “plain OCP” will
be used to distinguish it from OCP with incorporated carboxy-
late ions. The OCP phase was detected in IDAA-1, IDAA-5,
IDAA-10, and IDAA-25, with no other phases observed. The 100
diffraction peak at approximately 5° in IDAA-1, IDAA-5, and
IDAA-10 was detected at the same position as that in
CONTROL, whereas the 100 diffraction peak in IDAA-25
appeared to be shifted slightly to a lower 26 angle relative to
the 100 diffraction peak of CONTROL. Fig. 2(b) shows the XRD
pattern measured for an angle-standard material (fluorophlo-
gopite) added to accurately examine the peak positions. The
two diffraction peaks of IDAA-25 were detected at lower angles
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Fig. 2 (a) XRD patterns of OCP synthesised in IDAA solution. (b)
Comparison of XRD patterns of CONTROL and IDAA-25 mixed with
fluorophlogopite used as the angular standard material. (c) Peak fitting
result for the diffraction peak of IDAA-25 in the 3—-6° range. The red
arrows in (b) indicate the 100 diffraction peaks in the XRD pattern of
IDAA-25.

than the peak of the 100 diffraction of CONTROL. The d,¢, of
CONTROL was calculated to be 1.87 nm according to Bragg’s
law, because the 100 diffraction of CONTROL was detected at
4.71°. The signal-to-noise ratio of the XRD pattern of IDAA-25
(Fig. 2(b)) was not sufficiently high to determine the peak posi-
tions accurately. Therefore, peak fitting was performed for the
XRD pattern of IDAA-25, with the results shown in Fig. 2(c).
The peak positions were 3.88° and 4.46°, and the d,,, values
calculated using Bragg’s law from these diffraction angles were
2.27 nm and 1.98 nm, respectively.

The FTIR and Raman spectra of CONTROL and IDAA-25 are
shown in Fig. 3. The observed FTIR and Raman peaks were
assigned based on a previous report by Markovi¢ et al.>” Clear
FTIR absorption peaks were detected at 917, 961, 1024, 1039,
1056, 1078, 1102, 1121, 1193, and 1646 cm™* for CONTROL.
Except for the peak detected at 1646 cm™', these peaks were
assigned to phosphate species. In particular, the absorption
peak detected at 1193 cm™" was attributed to hydrogen phos-
phate ions present in the OCP interlayer. The peak detected at
1646 cm ™" was assigned to H,O bending vibration. Compared
with CONTROL, IDAA-25 showed broad peaks in its FTIR spec-
trum, with clear absorption peaks detected at 963, 1038, 1112,
1324, 1417, and 1627 cm™'. In contrast to CONTROL, no
absorption peak was detected at 1193 cm™" for IDAA-25. The
peaks at 963, 1038, and 1112 cm™" were assigned to phosphate
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Fig. 3 FTIR and Raman spectra of CONTROL and IDAA-25.
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species, whereas the peak at 1324 cm™" was assigned to CH,
wagging, and that at 1417 cm™" was attributed to COO stretch-
ing and CH, bending. The peak detected at 1627 cm™" was
assigned to H,O bending. For CONTROL, Raman peaks were
detected at 429, 450, 577, 591, 610, 878, 916, 960, 1011, 1048,
1088, 1114, and 1193 cm ™', which were assigned to phosphate
species. In comparison, the Raman spectrum of IDAA-25 was
broader, with the peaks derived from COO stretching and CH,
bending detected at 1419 and 1450 cm™ ", respectively.

OCP synthesised in DGA solution

The XRD patterns of the samples synthesised in the DGA solu-
tion are shown in Fig. 4(a). The OCP phase was detected in
DGA-0.5, DGA-1, DGA-5, and DGA-10, and no other phase was
detected. Two 100 diffraction peaks were detected at approxi-
mately 5° for DGA-0.5, whereas only a single 100 diffraction
peak was detected for DGA-1, DGA-5, and DGA-10. In addition,
the 100 diffraction peaks in DGA-1, DGA-5, and DGA-10 were
shifted slightly to lower 20 angles relative to the 100 diffraction
peak of CONTROL. Fig. 4(b) shows the XRD pattern measured
with an angle standard material (fluorophlogopite) added to
accurately evaluate the peak positions. The 100 diffraction
peak of DGA-10 was located at a lower 26 angle than the 100
diffraction peak of CONTROL. In addition, a small shoulder
was detected in the 100 diffraction peak of DGA-10. Peak
fitting was performed for the XRD pattern of DGA-10 due to
the presence of two 100 diffraction peaks in DGA-10, and the
results are shown in Fig. 4(c). The positions of the two fitted
peaks were 4.07° and 4.20° and the dio values obtained
from these diffraction angles were 2.17 nm and 2.10 nm,
respectively.

The FTIR spectra of CONTROL and DGA-10 are shown in
Fig. 5. The assignments of the peaks in CONTROL are already
described above; hence, they will not be repeated here. Clear
absorption peaks were detected for DGA-10 at 908, 960, 1034,
1042, 1080, 1108, 1318, 1412, 1438, 1599, and 1637 cm™?,
matching the peaks observed in the CONTROL spectrum.
However, the absorption peak at 1193 c¢cm™' detected in
CONTROL was not detected in DGA-10. The peaks at 908, 960,
1034, 1042, 1080, and 1108 cm™" were attributed to phosphate
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Fig. 4 (a) XRD patterns of OCP synthesised in DGA solution. (b)
Comparison of XRD patterns of CONTROL and DGA-10 mixed with
fluorophlogopite used as the angular standard material. (c) Peak fitting
result for the diffraction peaks of DGA-10 in the 20 range of 3—-6°. The
red arrows in (b) indicate 100 diffraction peaks in the XRD pattern of
DGA-10.
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Fig. 5 FTIR and Raman spectra of CONTROL and DGA-10.

species. The absorption peak detected at 1318 cm™' was

assigned to CH, wagging, and the peaks at 1412 and
1438 cm™' were attributed to COO stretching and CH,
bending, respectively. The peak detected at 1599 cm™' was
assigned to COO stretching. The peak detected at 1637 cm ™"
was identified as H,O bending. In addition to the peaks
observed in CONTROL, the Raman spectrum of DGA-10
showed several small peaks in the 1500-1200 cm™' range.
Except for the peak at 1317 cm™* derived from HPO,, these
peaks were assigned to the COO and CH, moieties of DGA
incorporated into OCP.

OCP synthesised in TDGA solution

Fig. 6(a) shows the XRD patterns of samples synthesised in the
TDGA solution. The OCP phase was detected in all samples.
No impurity phases such as calcium carbonate, used as a start-
ing material, were detected in TDGA-1, TDGA-5, TDGA-10,
TDGA-15, and TDGA-20. Unlike in IDAA and DGA, no change
in the 100 diffraction peak position was observed in these
samples. TDGA-20 was selected as a representative sample,
and the XRD patterns in which the positions of the diffraction
peaks were corrected using the fluorophlogopite angular stan-
dard are shown in Fig. 6(b). The 100 diffraction peaks of
CONTROL and TDGA-20 were both located at 4.71°. In
addition, although two 100 diffraction peaks derived from the

(a) (b)
o O : OCP phase 001 diffraction peak of
fluorophlogopite
o o
J(;uo_*_g,% TDGA-20 AN
= © Q2 TDGA-1 =
v 15 5
; o ;JMA
£ o o s
e © ToGA10 T
= z
2 © o 00 2 8
8 % TDGAS & -
£ £
© O 0o
& TDGA-1
8
\\ CONTROL I
©_ 1" 9 99 lcontroL ‘ . —
10 20 30 40 3 4 6 8 10
26 (degree) 26 (degree)

Fig. 6 (a) XRD patterns of OCP synthesised in TDGA solution. (b)
Comparison of XRD patterns of CONTROL and DGA-20 mixed with
fluorophlogopite used as the angular standard material.
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OCP phase were detected in IDAA-25 (Fig. 2(c)) and DGA-10
(Fig. 4(c)), only one 100 diffraction peak was detected in
TDGA-20.

Fig. 7 shows the FTIR spectra of CONTROL and TDGA-20.
The FTIR spectrum of TDGA-20 was similar to that of
CONTROL, although showing slightly broader peaks compared
with those of CONTROL. Absorption peaks at 915, 963, 1026,
1039, 1053, 1076, 1109, 1121, 1193, and 1642 cm™* were detected
in TDGA-20. With the exception of the peak at 1642 cm™, these
peaks were derived from phosphate species, whereas the peak at
1642 cm™" was attributed to H,O bending. TDGA-20 exhibited a
broader Raman spectrum than CONTROL, although the peak
positions were almost the same. Moreover, the peak intensity of
HPO, and PO, stretching at 1088 cm™" was weaker.

Thermal analysis of representative samples

Fig. 8 shows the TG-DTA curves of CONTROL, IDAA-25,
DGA-10, and TDGA-20. CONTROL, IDAA-25, and TDGA-20
exhibited a stepwise weight loss with a concurrent endother-
mic reaction up to 300 °C owing to dehydration of crystalline
water in OCP. Above 300 °C, no significant endothermic or
exothermic reaction was observed. The weight losses from 30
to 1000 °C were 14.5%, 17.2%, and 12.6% for CONTROL,
IDAA-25, and TDGA-20, respectively. Simultaneous weight loss
and an endothermic reaction was also observed for DGA-10 up
to 300 °C because of dehydration of crystalline water.
Additionally, a reaction was detected in the range of
300-800 °C, although it was difficult to determine whether it is
endothermic or exothermic because the peaks in the DTA
curve were small. Furthermore, the nature of the reaction can
be reversed depending on how the background is taken. A
weight loss of 4.3% occurred at approximately 850 °C,
accompanied by an exothermic reaction. This weight loss is
most likely due to decomposition of DGA in OCP. The total
weight loss from 30 to 1000 °C was 23.5%.

Discussion

It was previously reported that glutarate ions can be incorpor-
ated into OCP. IDAA, DGA, and TDGA are GA derivatives, and
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Fig. 7 FTIR and Raman spectra of CONTROL and TDGA-20.
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we discuss the incorporation of these dicarboxylate ions into
OCP. The incorporation of carboxylate ions into OCP was con-
firmed by the expansion of the d;¢, of the OCP phase observed
by XRD analysis, the detection of absorption bands derived
from the carboxylate ion species, the reduced intensity of the
FTIR absorption band derived from the hydrogen phosphate
ions located in the OCP interlayers, and the detection of car-
boxylate ion moieties in the Raman spectra. For IDAA, the d;
values of IDAA-25 were 2.27 nm (minor phase) and 1.98 nm
(main phase), and both values were larger than that of
CONTROL (d;90 = 1.87 nm) (Fig. 2). In addition, carboxylate
ion moieties (COO and CH,) were detected in the FTIR and
Raman spectra of IDAA-25, and the absorption band of hydro-
gen phosphate ions located in the OCP interlayers showed
reduced intensity in the FTIR spectrum (Fig. 3). This implies
that IDAA can be incorporated into OCP, although a few
studies have reported OCP systems exhibiting two 100 diffrac-
tion peaks. Applying similar criteria to other carboxylic acids,
it can be determined that DGA was also incorporated into OCP
(Fig. 4 and 5), whereas TDGA was not incorporated into OCP
(Fig. 6 and 7). The amount of carboxylate ions incorporated
into the OCP crystal was estimated to be larger for DGA than
for IDAA, based on the weight loss from 30 to 1000 °C (Fig. 8).

The d;0, values of OCP with incorporated dicarboxylate ions
were strongly related to the molecular size of the incorporated
dicarboxylate ions. We propose that the relationship between
di100 and molecular size can be expressed using the following
equation:*®

d100 = 0.9355L + 1.7669 (nm) (1)

where L is a parameter that represents the molecular size,
specifically, the distance between the carbon atoms of the
carboxy groups of the dicarboxylic acid. The linear relationship
between the d,o, value and molecular size L is reasonable
because the main chain of the incorporated dicarboxylic acids
is assumed to be parallel to the g-axis direction of the OCP

6124 | Dalton Trans., 2026, 55, 6120-6127

View Article Online

Dalton Transactions

crystal lattice. In other words, steric structures of carboxylate
ions between the OCP interlayers can be estimated by compar-
ing the dyo derived from the experimental XRD results
(d1oo(exp.)) with the djo calculated using the equation pro-
posed by our group (d;go(cal.)). The steric structures of carboxy-
late ions incorporated in the OCP crystal lattice are evaluated
using such an indirect method because it is technically quite
difficult to directly determine these steric structures.

Table 1 shows the L values of GA, IDAA, DGA, and TDGA, as
well as dygo(exp.) and d;go(cal.) of OCP systems that incorporate
these dicarboxylate ions. In addition, the Ad;q0/L values were
calculated and are presented in Table 1. This parameter can be
used as a measure of the likelihood of the incorporation of the
dicarboxylate ions into OCP as follows: for the OCP crystal
structure, dyq is the sum of the thicknesses of the apatitic and
the hydrated layers. Hence, the difference between the experi-
mental and calculated dyo, values (Adyo = digol€xp.) —
dioo(cal.)) is equivalent to the difference between the experi-
mental and calculated thickness of the hydrated layer because
the thickness of the apatitic layer can be regarded as indepen-
dent of dicarboxylate ion incorporation. Because the thickness
of the hydrated layer is determined by the size of dicarboxylate
ions incorporated into the OCP interlayer, as measured by L,
Ad, o measures the difference between the experimental (in
other words, actual) and calculated L values of the dicarboxylic
acid. When the absolute value of Ad,,/L is sufficiently small,
the carboxylate ions most likely exist between the OCP inter-
layers with the main chain parallel to the g-axis direction of
the OCP crystal. This is because djqo(cal.) is calculated based
on the assumption that the main chain of the dicarboxylate
ions incorporated into the hydrated layers of OCP is parallel to
the g-axis direction of the OCP crystal.

The calculated Adigo/L of GA was +9.8%. Although this
value was slightly larger than the values for the previously
reported dicarboxylate ions incorporated into OCP, glutarate
ions likely existed in OCP with their main chain parallel to the
a-axis direction. A positive Ad, /L value implies that the size
of the incorporated carboxylic acid in OCP is larger than the
calculated value. Hence, the C-C-C bonding angles in the
main chain of incorporated glutarate ions were slightly larger
than the calculated optimal values, and glutarate acted as a

Table 1 Summary of the L values of GA, IDAA, DGA, and TDGA, as well
as digolexp.) and dipplcal.) of OCP incorporating these dicarboxylate
ions. The calculated Adjgo/L values are also provided

Experimental Calculated value

Carboxylic  value

acid dioo(exp.) (nm) L (nm)  djpo(cal.) (nm)  Adygo/L (%)

GA 2.29 0.506 2.240 +9.8

IDAA 1.98m§1n 0.490 2.225 =50.1
2.p7minor +9.1

DGA 2.10™" 0.476  2.212 -23.6
2.17mimner -8.9

TDGA N/A 0.540 2.272 N/A

main; main phase, ™"°": minor phase.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt03031e

Open Access Article. Published on 02 April 2026. Downloaded on 6/21/2026 1:54:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

larger ion. Interesting phenomena were observed for IDAA and
DGA. In both cases, the absolute value of Ad,yo/L calculated
for the main phase was larger than that for the minor phase.
This suggests that iminodicarboxylate ions and diglycolate
ions do not mainly assume a linear structure between the OCP
interlayers, and the linear structure of carboxylate ions in the
OCP interlayers does not always appear to be the most stable;
rather, these ions assume some kind of bent structure.
Carboxylic acids with side chains, namely succinic acid deriva-
tives, have been suggested to assume a bent structure;® hence,
it is not surprising that iminodicarboxylate ions and diglyco-
late ions exhibit a bent structure in the OCP crystal. IDAA and
DGA have nitrogen and oxygen atoms, respectively, in their
main chain, which can form coordination bonds with calcium
ions and hydrogen bonds with phosphate ions and/or crystal-
line water in the hydrated layer. These specific bonds may
stabilize the bent structure of iminodicarboxylate ions and
diglycolate ions in the OCP crystal. The bent structures of
incorporated carboxylate ions will be elucidated using highly
advanced methods, such as synchrotron radiation, in a future
work. In addition, the calculation of d;,(cal.) using eqn (1) is
based on the assumption that the main chain of carboxylate
ions is parallel to the a-axis direction. However, because the
Ad;oo/L values of IDAA and DGA for the main phase were
—50.1% and —23.6%, respectively, and these values are particu-
larly large, this assumption may not be applied. By contrast,
the absolute values of Ad,o/L for the minor phase of OCP
with incorporated iminodicarboxylate ions and diglycolate
ions were similar to those of OCP with incorporated glutarate
ions, suggesting that the main chain of these carboxylate ions
was parallel to the a-axis direction, as previously considered.
In the case of TDGA, OCP with incorporated thiodiglycolate
ions was not obtained. Nevertheless, if TDGA-incorporating
OCP could be obtained, its value of d;q, is expected to be
approximately 2.27 nm according to eqn (1). Although previous
studies demonstrated the guest selectivity of OCP, the physico-
chemical characteristics that determine which carboxylate ions
can be incorporated into OCP were unclear. In this study,
examining carboxylic acids with similar chemical structures,
we found three carboxylic acids that were incorporated into
OCP, as well as one carboxylic acid that could not be incorpor-
ated into OCP. Therefore, we investigated whether the dis-
sociation constant, which can be used as an indicator of the
physicochemical properties of carboxylic acids, controls the
incorporation of carboxylate ions into OCP. Fig. 9 shows the
PKai1 values of GA, IDAA, DGA, and TDGA plotted versus their
PKa, values. These values are presented in Table S1 in the SI. It
is important to discuss the validity of the calculations. For this
purpose, the values of pK,; and pK,, of GA reported in the lit-
erature®® were compared with the values calculated in this
study. The literature pK,,; and pK,, values and our calculated
values for GA are almost the same. Hence, the calculated
values used in this study are most likely reasonable.
Consideration of the XRD, FTIR, and dissociation constant
results reveals an interesting insight. In this study, the incor-
poration of four carboxylic acids with similar molecular struc-

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 Plot of pK,; vs. pKa2 values of GA, IDAA, DGA, and TDGA. “Cal.”
means calculated values and “Ref.” means the values cited from ref. 59.

tures into OCP was investigated. The carboxylic acid that could
not be incorporated into OCP, namely TDGA, exhibited an
intermediate dissociation constant among these carboxylic
acids.

Although several physicochemical indices can describe the
properties of carboxylic acids, such as dissociation constant,
molecular weight, molecular size, and hydrophilicity/hydro-
phobicity, considering the formation process of OCP with
incorporated carboxylate ions, it is likely necessary to consider
the stability constant of the carboxylate ion-calcium ion
complex as one of the factors controlling the ability of carboxy-
late ions to be incorporated into OCP. Furthermore, if the
incorporation of carboxylate ions is regarded as a competitive
reaction with the incorporation of phosphate ions, both
thermodynamic and kinetic considerations may be necessary.
The results of this study clearly suggest that the dissociation
constant of carboxylic acids does not significantly influence
their ability to be incorporated into the OCP crystal. Therefore,
additional research is necessary to elucidate the key physico-
chemical factors governing the ability of carboxylic acids to be
incorporated into OCP. Although this study focused on OCP
incorporating carboxylate ions, the fundamental knowledge
gained here is expected to contribute to elucidating the for-
mation mechanism of inorganic crystals occluding organic
nanoparticles,®*®* which has recently attracted attention.

Conclusions

In this study, OCP with incorporated carboxylate ions, which
can be considered as a supra-ceramic, was synthesised in
aqueous solutions of glutaric acid and its derivatives to investi-
gate whether these carboxylic acids can be incorporated into
the OCP crystal. The following results were obtained:

1. IDAA and DGA can be incorporated into OCP.

2. TDGA cannot be incorporated into OCP.

3. Considering findings 1 and 2 above and the calculated
dissociation constants (pK,; and pK,,) of the carboxylic acids,
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it is concluded that the dissociation constant of the carboxylic
acid has little effect on its ability to be incorporated into OCP.

Although several factors that may influence the incorpor-
ation of carboxylic acids into OCP remain to be investigated,
the finding that the dissociation constant of carboxylic acids is
unlikely to affect their incorporation into the OCP crystal rep-
resents a step forward in our understanding of OCP chemistry
and contributes to understanding the mechanism underlying
the guest selectivity of OCP. Future research should focus on
uncovering the mechanism of the guest selectivity of OCP by
systematically studying the physicochemical properties of car-
boxylic acids, aside from their dissociation constants, as well
as through comprehensive thermodynamic and kinetic
analyses.
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