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Abstract: Octacalcium phosphate (OCP) can incorporate various dicarboxylate ions in the interlayer
spaces of its layered structure. Although not proven, these incorporated ions are believed to have a
linear structure. In this study, the steric structures of twelve different dicarboxylate ions incorporated
into OCP were investigated by comparing the experimentally determined interlayer distance of
the OCP with the distance estimated using the molecular sizes of dicarboxylic acids calculated by
considering their steric structures. The results revealed that the incorporated succinate, glutarate,
adipate, pimelate, suberate, and aspartate ions possessed linear structures, whereas the incorporated
azelate, sebacate, methylsuccinate, and malate ions exhibited bent structures. Further, the incorpo-
rated mercaptosuccinate ions featured linear, bent, other types of structures. Moreover, the steric
structure of the incorporated malonate ion significantly differed from those of other dicarboxylate
ions. The computational approach employed in this study is expected to deepen our understanding
of the steric structures of dicarboxylate ions incorporated in the OCP interlayer spaces.
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1. Introduction

Octacalcium phosphate (OCP, Cag(HPO4);(PO4)4-5H,0) is an inorganic compound
with unique crystal-chemical characteristics, featuring a layered structure with apatitic and
hydrated layers parallel to the (100) plane [1]. Monma and Goto incorporated succinate
ions into the hydrated layers of OCP for the first time via the substitution of hydrogen
phosphate ions (HPO4?™) [2]. Subsequently, various dicarboxylate ions were similarly
incorporated into the OCP crystal structure [3-10] to enable precise control of the interlayer
structure of OCP at the molecular level. OCP is the only compound in the family of calcium
orthophosphates that exhibits this incorporation phenomenon, resulting in the formation of
functional materials that are widely used as novel bone-repairing materials [11], aldehyde-
specific adsorbents [12], and electrode materials for supercapacitors [13]. Consequently, the
aforementioned phenomenon has garnered considerable attention from material scientists.

In OCP, the spacing between the (100) planes, (d1¢g) increases upon the incorporation
of dicarboxylate ions into the hydrated layers. Monma reported that the djgg linearly
increases with the number of methylene groups (2 < n < 6) in the incorporated aliphatic
dicarboxylate ions (TOOC(CH,;),COO™) [14]. Subsequent research on the molecular size
of the incorporated dicarboxylate ions and the djg9 of OCP was based on the following
hypotheses. Firstly, the main chain of dicarboxylate ions incorporated in the hydrated
layers of OCP is parallel to the OCP’s g-axis direction [14]. Secondly, the incorporated
dicarboxylate ions have a linear structure [14]. As a result, OCPs with incorporated di-
carboxylate ions having identical main chain structures were predicted to have identical
d100. However, this prediction was disproven by the analyses of dyg in OCPs with incorpo-
rated succinic acid and its derivatives. Specifically, the OCPs with incorporated succinate,
methylsuccinate, aspartate, malate, and mercaptosuccinate ions had dygy values of 21.4,
20.5,21.3,20.8, and 21.0 A, respectively [14,15], despite these ions having identical main
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chain structures (n = 2). To determine the origin of this discrepancy, we re-examined the
above hypotheses.

The first hypothesis was validated by the linear relationship between djoy and the
length of the incorporated aliphatic dicarboxylate ions, determined by the number of
methylene groups (2 < n < 6) [14]. Consequently, the second hypothesis based on the
supposedly linear structures of the incorporated dicarboxylate ions was re-examined.
Understanding the steric structures of the incorporated dicarboxylate ions will improve
the molecular-level design of materials using OCP. Herein, we elucidate the relationship
between the molecular sizes of dicarboxylic acids by considering their steric structures and
the changes in the digg of OCP. To our knowledge, this is the first study to analyse this
relationship using a facile computational approach, presented in our previous work [16].

2. Calculation Method

The molecular sizes of the dicarboxylic acids were calculated by considering their steric
structures using the computational approach described below. The molecular structures of
the dicarboxylic acids being studied are shown in Figure 1. Their optimised ground-state
structures in vacuum were determined using quantum chemical density functional theory
(Firefly v. 8.2.0, Alex A. Granovsky) [17]. Notably, the structures of dicarboxylic acids in a
vacuum rather than inside the OCP crystal were calculated, as the detailed structures of the
dicarboxylate ions inside the OCP crystal have not yet been experimentally determined.
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Figure 1. Molecular structures of the aliphatic dicarboxylic acids (1-8) and succinic acid derivatives
(9-12) studied in this work: 1, malonic acid; 2, succinic acid; 3, glutaric acid; 4, adipic acid; 5, pimelic
acid; 6, suberic acid; 7, azelaic acid; 8, sebacic acid; 9, methylsuccinic acid; 10, aspartic acid; 11, malic
acid; 12, mercaptosuccinic acid.

The steric structures of the dicarboxylic acids were optimised using the Becke—three-
parameter—Lee—Yang—Parr (B3LYP) hybrid functional [18-21] with the 6-31G(d) basis set.
The correspondence of the steric structures with the local minima on the potential energy
surfaces was confirmed by the calculation of the harmonic vibrational frequencies at the
B3LYP/6-31G(d) level and the absence of imaginary frequencies. The distance between
the carbon atoms of the carboxy groups in the optimised structures (L) was used as a
parameter to express the molecular size of the dicarboxylic acids and was measured using
an advanced molecular editor and visualiser (Avogadro v.1.2.0) (Figure 2) [22].
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Figure 2. Schematic definition of L in the optimised structure of a carboxylic (in this case, adipic) acid.

3. Results and Discussion
3.1. Validation for the Estimation of the Steric Structures of Incorporated Dicarboxylate lons

The estimations were validated by reproducing the linear relationship between the
d100 in OCP and the length of the incorporated aliphatic dicarboxylate ions (as defined in
Figure 2). Such a linear relationship was previously observed in OCP with incorporated
succinate, glutarate, adipate, pimelate, and suberate ions [14]. Based on the molecular size
of pimelic acid, however, the dygg in the OCP with incorporated pimelate ions was lower
than expected, which could be attributed to the insufficient amount of the incorporated
pimelate ions. Hence, the current study focused on OCP with incorporated succinate,
glutarate, adipate, and suberate ions, and correlated the L values of the related dicarboxylic
acids with the djgg of the correspondingly incorporated OCP (Figure 3 and Equation (1)).
For linear-chain succinic, glutaric, adipic, and suberic acids, the L values were calculated
as 3.86, 5.07, 6.40, and 8.95 A, respectively, with corresponding djoy values of 21.4, 22.3,
23.6, and 26.1 A, respectively [14]. The linear relationship, manually derived by Monma
from the steric structures of dicarboxylate ions, was consistent with the results of the
quantum chemical calculations (Figure 3). Notably, the quantifiable nature of our method
was superior to that of Monma [14]. The relationship between L and dygg was specifically
expressed as:

do0 = 0.9355L + 17.669; R? = 0.9974 (1)
27
Suberic acid L,
26 .
d100=0.9355L+17.669 -
25
—~ 24
< .
R Adipic acid
@
22
,"' Glutaric acid
21 .
’ Succinic acid
20

Figure 3. Relationship between L and djgp in OCP with incorporated carboxylate ions. Notably, the
correlation coefficient (R?) of this approximate straight line is 0.9974.
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The correlation coefficient (R?) of this relationship was found to be appreciable, in-
dicating the successful fitting of the data. The a-axis length (19.87 A) was different from
the digp (18.78 A) of OCP [23], which was attributed to the host’s triclinic crystal struc-
ture. Furthermore, the conversion factor relating the a-axis length and the dygg (0.9451)
was similar to the coefficient of L (0.9355) in Equation (1), which could be ascribed to the
assumption that the dicarboxylate ions were parallel to the a-axis direction. Thus, the
agreement between the two values validated our method for the estimation of the dygo
from L. The agreement was confirmed in the range 21.3 A < L < 26.0 A, necessitating
the careful use of Equation (1) in other ranges of L. Notably, the experimental value of
djoo obtained using an X-ray diffractometer was successfully reproduced, even when the
L values obtained from the structure of dicarboxylic acids optimized in a vacuum were
used. Having established and verified the relationship between the djpp and L values,
the steric structures of incorporated dicarboxylate ions are subsequently discussed using
Equation (1).

3.2. Steric Structures of Incorporated Aliphatic Dicarboxylate Ions in OCP

The djop values of the OCP containing aliphatic dicarboxylate ions were calculated
from their L values using Equation (1) (dgo(cal.)) and compared to those obtained experi-
mentally (d1pp(exp.)) in a previous study (Table 1) [24]. As dyq is the sum of the thickness
of the apatitic and the hydrated layers, the difference between the experimental and calcu-
lated dygp values (Adigg = digo(exp.) — digo(cal.)) denotes a difference in the experimental
and calculated thickness of the hydrated layer, because the thickness of apatitic layer is
independent of dicarboxylate ion incorporation. Given that the main chain of the dicar-
boxylate ions incorporated in the hydrated layers of OCP is parallel to the a-axis direction
and the thickness of the hydrated layer is determined by the size of dicarboxylate ions
(namely L value) incorporated in the OCP interlayer, Adjgy can be considered proportional
to the difference in L values between the experimental and calculated dicarboxylic acid.
Hence, Adjpp was divided by L to obtain a useful index (Adjoo/L). A low absolute value of
Adjyp/L indicates similar djgg(exp.) and dygo(cal.) values. A positive Adygo/L value indi-
cates that djpp(exp.) exceeds digp(cal.) and the structure of the incorporated dicarboxylate
ions is stretched relative to the optimised structure. A negative Adygy/L value indicates
that djgp(exp.) is lower than djpp(cal.) and the structure of the incorporated dicarboxylate
ions is compressed relative to the optimised structure. However, it is unlikely that the
dicarboxylate ions were highly stretched or compressed in the OCP interlayers. If the
calculation assumptions are correct, the absolute value of Adygg/L should be within several
percentage points. As the Adjgo/L values of succinate, glutarate, adipate, and suberate ions
ranged from —2.3 to 3.0%, it was reasonable to assume that these ions adopted a linear
conformation upon incorporation. For the pimelate ion, the Adjoy/L value was —5.4%,
which suggests its absolute value to be slightly higher than the other dicarboxylate ions.
The incorporation quantity (extent of HPO,?~ substitution) of pimelate ions was reported
to be lower than that of succinate, glutarate, adipate, and suberate ions (Table S1) [24],
which explained why the dygo(exp.) was lower than the djgp(cal.) for the pimelate ions.
For azelate and sebacate ions with Adjgg/L values of —14.8 and —21.2%, respectively, the
d1po(exp.) was also lower than the djgp(cal.). However, in this case, this observation implied
that the two dicarboxylate ions had slightly bent structures owing to their long and flexible
hydrocarbon chains. Advanced calculations, such as those on the dicarboxylate ions in the
OCP crystal, would reveal the detailed bent structures of the two carboxylate ions. For the
malonate ion, the Adygy/L value was —19.9%. Since it was unreasonable to believe that
this small molecule was compressed by ~20% and packed between the OCP interlayers, it
was concluded that our initial assumption of the dicarboxylate ions being parallel to the
a-axis was not valid for malonic acid. In other words, this result suggests the possibility
that previously unknown carboxylic acid arrangements may exist in the OCP interlayers.
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Table 1. Values of dygo(exp.), L, digo(cal.), and Adygg/L for the ions of aliphatic dicarboxylic acids
incorporated in the OCP crystal.

Experimental Value Calculated Value
Dicarboxylic Acids - . - Ad1go/L (%)
d1po(exp.) (A) L(A) dqgo(cal.) (A)
Malonic acid 19.6 [24] 2.62 20.1 -19.9
Succinic acid 21.4 [24] 3.86 21.3 +3.0
Glutaric acid 22.3 [24] 5.07 224 2.3
Adipic acid 23.6 [24] 6.40 23.7 -0.9
Pimelic acid 24.4 [24] 7.64 24.8 —54
Suberic acid 26.1 [24] 8.95 26.0 +0.6
Azelaic acid 25.7 [24] 10.19 27.2 —14.8
Sebacic acid 26.0 [24] 11.51 28.4 —-21.2

The compositions of OCP with incorporated aliphatic dicarboxylate ions are provided
in Table S1.

3.3. Steric Structures of Succinic Acid Derivatives Bearing Side Chains in OCP

Additionally, the characteristics of the OCP crystals incorporated with ions of succinic
acid derivatives bearing side chains were analysed. In this case, the steric structures of these
dicarboxylate ions had to be considered to discuss the relationship between their molecular
sizes and the dyy. L values were calculated for the dicarboxylic acids having both a linear
structure and specific bent structure, which were designated as Z- and C-types, depending
on their conformation (Figure 4a,b). Both of the terminal carboxy groups of the succinic
acid derivatives were found to rotate around the bond between carbon B and carbon C
(Figure 4c). Thus, if the Z- and C-type structures are completely planar, they are considered
as the steric structures that provide the maximum and the minimum L values, respectively.
The findings show the Z-type structures to be almost planar, and thus can be considered to
have the highest L value. Conversely, the C-type structure was not completely planar due
to alleviating steric hindrance caused by the approach of the terminal carboxy group. Thus,
the calculated L value for the C-type structure is not the minimum value predicted from
the ideal C-type structure, but it is close to it.

(a) (b) (c)

Substituent
(-H, -CHg, -NH,, -OH, -SH)
Figure 4. Schematic steric structures of succinic acid derivatives: (a) Z-type and (b) C-type. (c) Carbon
atom arrangements of A-B-C-D and A’-B-C-D indicate Z-type and C-type succinic acid derivatives,
respectively. The carbon atoms A, A’, and D belong to the carboxyl group.

The results of the calculations of the Z- and C-type structures of succinic acid and its
derivatives are summarised in Table 2. For succinic acid, the L values were determined
to be 3.86 A (Z-type) and 3.31 A (C-type), while the respective Adgy/L values were 3.0
and 19.3%. As the Adjgo/L of the Z-type structure was lower than that of the C-type
structure, the incorporated succinate ions were concluded to have the former structure.
The Z- and C-type structures of methylsuccinic acid had L values of 3.84 and 3.22 A,
respectively, and the respective Adjoy/L values were —19.8 and —5.5%. Considering the
low substitution rate of 25% (Table S2), the incorporated methylsuccinate ions, therefore,
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featured a C-type structure. The Adygg/L values of Z-type and C-type aspartic acid were
—0.9 and 18.9%, respectively, indicating that the incorporated aspartate ions had the
former structure. Similarly, the incorporated malate ion also had a C-type structure. Our
calculations indicated that except for mercaptosuccinic acid, the Adyoy/L values were low
for one structure (either Z-type or C-type) and high for the other. However, Adyg9/L was
high for both Z- and C-type mercaptosuccinic acid, which suggests that the incorporated
mercaptosuccinate ions either possessed both Z- and C-type structures or an intermediate
structure between Z- and C-types.

Table 2. Values of digg(exp.), L, digp(cal.), and Adygg/L for the ions of succinic acid and its derivatives incorporated in the

OCP crystal.
Experimental Value Calculated Value
Dicarboxylic Acids . . . Adqgo/L (%)
dipo(exp.) (A) Type of steric structure L(A) dqpo(cal.) (A)

N Z 3.86 21.3 +3.0
Succinic acid 21.4 [14] C 331 208 +193
e Z 3.84 21.3 —19.8

Methylsuccinic acid 20.5 [15] C 392 207 55
L Z 391 21.3 -0.9

Aspartic acid 21.3 [15] C 3.09 206 +18.9
L Z 391 21.3 —13.5

Malic acid 20.8 [15] C 38 207 +18
e Z 3.86 21.3 -7.3
Mercaptosuccinic acid 21.0 [15] C 308 206 +145

The compositions of OCP with incorporated methylsuccinate, aspartate, malate, and
mercaptosuccinate ions are provided in Table S2.

4. Conclusions

The steric structures of dicarboxylate ions incorporated into OCP were determined
based on the analysis of the relationship between the dicarboxylic acid chain length (L)
and the (100) interplanar spacing in dicarboxylate-incorporated OCP (dy(), using the
computational approach proposed in our previous work (Figure 5). The incorporated
succinate, glutarate, adipate, pimelate, and suberate ions were confirmed to possess a
linear structure, whereas the incorporated azelate and sebacate ions had a slightly bent
structure. Moreover, the steric structure of the incorporated malonate ion was confirmed
to be significantly different from those of the other dicarboxylate ions. The incorporated
methylsuccinate, aspartate, and malate ions featured C-, Z-, and C-type steric structures,
respectively, while the incorporated mercaptosuccinate ions exhibited either Z-type, C-type,
or an intermediate structure between the two types. Even though the steric structures of the
ions of succinic acid derivatives incorporated into OCP crystals have been revealed, their
dependency on the nature of the side chain remains to be explored. Although the steric
structures of the incorporated dicarboxylate ions were discussed based on the optimised
structures of the isolated dicarboxylic acid molecules, more advanced calculations on
incorporated dicarboxylate ions in OCP interlayers are necessary to gain further insights
into the crystal structure of OCP with incorporated dicarboxylate ions. The computational
approach used in this study to elucidate the understanding of the steric structures of
the incorporated dicarboxylate ions, therefore, holds significant potential to facilitate the
molecular-level design of novel OCP-based functional materials.
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Figure 5. Computationally predicted steric structures of dicarboxylate ions incorporated into the
OCP interlayer space.
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