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Abstract
Co-amorphous mixtures (CAMs) prepared with two drugs have the potential to enhance the oral absorption of poorly soluble drugs and achieve combination therapy.  From a practical standpoint, improving the glass transition temperature (Tg) of CAMs is desirable as it enhances stability and extends shelf-life during storage.  Towards the eventual goal of developing highly stable CAMs, this study establishes a generalized framework that systematically relates elevated Tg values of CAMs to intermolecular interactions based on specific functional groups.  CAMs were prepared via quench-cooling using various combinations of Indomethacin, Ketoprofen, Flurbiprofen, Flufenamic acid, Aripiprazole, Bifonazole and Clotrimazole.  CAMs prepared with drugs containing the COOH group exhibited significant positive deviations from Tg values predicted by the Gordon-Taylor equation (i.e., ideal mixing behavior).  COOH-associated hydrogen bonding was determined to be a key factor for Tg elevation, with synergistic contributions from π-π interactions and halogen bonding.  In CAMs exhibiting the largest Tg deviations, contributions from ionic bonding were crucial and were likely favored by differences in the pKa values of the constituent drugs.  Continuity in Tg as a function of varying molar ratios indicated that stoichiometric pairing had a relatively minor contribution, while a decrease in the width of the glass transition suggested the enhancement of molecular cooperativity as a possible mechanism for CAM stabilization.  In contrast, non-COOH hydrogen bonding, π-π interactions and halogen bonding on their own did not result in any meaningful Tg deviations from theoretical predictions.  Systematic correlations between Tg deviations and molecular interactions reported in this study can lead to generalized design rules for the development of stable CAMs.
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1. Introduction
A common approach to overcome the issue of low bioavailability for poorly soluble drugs is to prepare them in their amorphous form 1.  However, the amorphous state is thermodynamically unstable, quickly reverting to the less soluble crystalline form.  While the molecular mobility and crystallization tendency of amorphous drugs can be lowered using polymeric excipients through the formation of amorphous solid dispersions 2-4, this approach often results in increased formulation volumes that can hinder manufacturing and patient compliance 5.  Moreover, the polymeric excipients themselves do not typically exhibit specific therapeutic effects.  In contrast, co-amorphous mixtures (CAMs) that use low molecular weight co-formers can stabilize amorphous drugs 6 without a significant increase in the overall volume.  Further, CAMs prepared using drug-drug combinations can be used in combination therapy, whereby the two drugs can exert synergistic effects through coordinated release 7-8.
Broadly, two types of CAMs have been proposed in the field of pharmaceutical science.  One type derives its origins from the work of Rades and co-workers focusing on stoichiometric paring among drugs for improving stability 9-11.  However, in recent years, CAMs have been used more broadly to refer to mixtures of multiple amorphous drugs, wherein stoichiometry is not necessary.  In general, the presence of non-covalent interactions between CAM components can significantly influence several thermodynamic and kinetic parameters that are critical for stability.  For example, CAMs can form salts in the amorphous state and can be stabilized by ionic bonding 12-13.  Likewise, hydrogen bonding often enhances the stability of CAMs 14, although drugs such as Ritonavir and Indomethacin can maintain stable co-amorphous states even in the absence of intermolecular interactions 15.  Recently, the role of halogen bonding has been implicated in amorphous solid dispersions 16, as also the co-existence of hydrogen and halogen bonds 17.  Given the diverse types of bonds that can possibly exist in CAMs, a deeper understanding of drug-drug interactions can aid the development of design strategies for stable CAMs in specific applications.  
An important property determining the stability of amorphous drugs is the glass transition temperature (Tg), which marks the transition from a rigid, glassy state to a viscous, super-cooled liquid-like state.  Enchancing the Tg is important for improving the physical stability of amorphous materials in storage, as molecular mobility and crystallization tendency increase in the super-cooled state 18.  The Tg of amorphous drugs can be increased by the addition of anti-plasticization agents 19 or via co-amorphization of two drugs 20.  CAM Tg values can be theoretically predicted using mixing rules that assume ideal behavior and the absence of molecular interactions 2.  However, interactions between drug and co-former or drug and drug can result in large positive deviations from theoretical predictions 21.  The purpose of this study is to establish a generalized design framework for drug-drug CAMs by correlating significant positive Tg deviations (ΔTg) with intermolecular interactions between drugs based on specific functional groups.
Previous studies have reported the importance of intermolecular interactions such as hydrogen bonding and ionic bonding in the context of Tg elevation in CAMs.  For example, Alleso et al. reported hydrogen bonding between the N–H group of the imidazole ring of cimetidine with the carboxylic acid group of naproxen leading to positive Tg deviations 9, while Jensen et al. reported positive Tg deviations associated with ionic interactions between naproxen and arginine leading to possible salt formation 22.  Although such studies have investigated stability and intrinsic dissolution profiles, their focus has primarily been specific drug-drug or drug-co-former combinations.  To the best of our knowledge, generalized correlations between Tg deviations and intermolecular interactions across drug molecules have not been reported for CAMs.  Specifically, the presence of specific functional groups in drugs leading to an elevation in CAM Tg has not been systematically studied.  Such investigations are important because they can lead to the development of generalized design rules for CAMs exhibiting high stability.
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AI-generated content may be incorrect.]In this study, seven different drugs – Bifonazole (BFZ), Clotrimazole (CTZ), Aripiprazole (ARP), Indomethacin (IDM), Ketoprofen (KPF), Flurbiprofen (FBP) and Flufenamic Acid (FFA) (Figure 1) – were employed to prepare CAMs at 1:1 molar ratio.  Drugs were chosen based on the presence of the COOH group in IDM, KPF, FBP and FFA, which can participate in hydrogen bonding.  In contrast, BFZ, CTZ and ARP did not possess the COOH group but differed in the number of chlorine atoms, which can potentially participate in halogen bonding.  The drugs also differed in their pKa values, thus exhibiting potential for ionic bonding across specific combinations.  The effect of molecular interactions in promoting Tg deviations was investigated by analyzing CAMs across systematically varying molar ratios.  Potential bond formation in CAMs was verified using infrared spectroscopy, with specific reference to co-existent interactions.  Generalized correlations between Tg deviations and interactions were established by demonstrating similar phenomenology for CAMs prepared with drugs containing similar functional groups.
Figure 1: Chemical structures of the drugs used in this study.

2. Materials and Methods
[bookmark: _Hlk162450537]2.1. Materials
ARP, BFZ, FBP and KPF were purchased from Tokyo Chemical Industry (Tokyo, Japan).  CTZ and IDM were procured from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan), while FFA was purchased from Merck (Darmstadt, Germany).  All drugs were stored as per supplier instructions and used as received.
2.2. Preparation of drug-drug CAMs
All CAMs were prepared by quench-cooling of physical drug mixtures using differential scanning calorimetry (DSC).  The instrument (Q2000, TA Instruments, New Castle, USA) was equipped with a refrigerated cooling system and was operated under constant nitrogen flow of 50 mL/min.  Individual drugs were weighed and mixed on a motor and pestle (Cole-Parmer Instrument Company, Vernon Hills, USA) to result in homogeneous physical mixtures.  Uniformly mixed samples weighing 2.50-3.75 mg were crimped within Tzero® aluminum pans, loaded into the DSC instrument and heated at 10 ºC/min until complete melting.  Following an isothermal hold for 0.5 min, the samples were rapidly cooled at 20 ºC/min, followed by another isothermal hold for 5 min 23.  The temperature ranges used for the melt-quench cycles for the different CAMs are presented in Supporting Information Table S1.  All CAMs thus prepared were heated again at 10 ºC/min to determine the onset glass transition temperature (Tg).  Changes in specific heat capacities were also determined for each glass transition.
In this study, IDM-based COOH CAMs (i.e., BFZ-IDM, CTZ-IDM, ARP-IDM), KPF-based COOH CAMs (i.e., BFZ-KPF, CTZ-KPF, ARP-KPF), FBP-based COOH CAMs (i.e., BFZ-FBP, CTZ-FBP, ARP-FBP) and FFA-based COOH CAMs (i.e., BFZ-FFA, CTZ-FFA, ARP-FFA) were prepared at 1:1 molar ratio using the aforementioned melt-quench method.  In all cases, the respective individual amorphous drug samples were independently prepared in a similar manner.  Additionally, BFZ-IDM, CTZ-IDM, ARP-IDM, ARP-KPF, ARP-FBP and ARP-FFA CAMs were investigated at systematically varying molar ratios from 1:9 to 9:1.  Finally, drugs lacking the COOH group were separately used for the preparation of ARP-CTZ, ARP-BFZ and BFZ-CTZ CAMs.  In all cases, the Tg values of CAMs or individual amorphous drugs were determined from the second heating cycle in the DSC runs.
2.3. Determination of theoretical glass transition temperature (Tg)
[bookmark: _Hlk193617341][bookmark: _Hlk193381668]The theoretical glass transition temperature values (TgGT) of CAMs were predicted using the Gordon-Taylor (G-T) equation which assumes ideal volume additivity of components at Tg and no specific interactions between the components 2.  Changes in specific heat capacities at Tg (directly obtained from DSC measurements) were used as inputs to the equation, as reported previously 24-25.  The equation used in the present study is given by: 25-26

where w represents the weight fraction of drug, Tg represents the experimental glass transition temperature of the individual drugs, K is given by  , ∆Cp represents the change in specific heat capacity associated with the respective glass transition, and the subscripts 1 and 2 represent the two drug components in the CAM.  For all CAMs, onset Tg was used for evaluation because of its implications for molecular mobility; in contrast, the middle point Tg is influenced by the width of the glass transition region and is associated with molecular cooperativity 27.  For each CAM, deviations from the corresponding theoretical predictions were determined as ΔTg = Tg - TgGT.


2.4. X-ray diffraction (XRD)
To confirm the creation of the amorphous phase, CAMs were analyzed using XRD.  Briefly, CAMs were gently transferred from the DSC pans to an XRD sample holder immediately following melt-quench preparation.  During this transfer step, care was taken to avoid any mechanical stress because this could potentially result in the formation of crystal due to the generation of nucleation sites 28-29.  Spectra were obtained using an X-ray diffractometer (Rigaku Corporation, Tokyo Japan) with Cu Kα radiation, operated at 40 kV and 40 mA.  Each spectrum was obtained over a 2θ range of 5º to 35º with a 0.02º step size and scan rate of 1º/min.
2.5. Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)
CAMs and individual amorphous drug samples were analyzed using ATR-FTIR (Bruker Optik GmbH, Germany) to evaluate the existence of intermolecular interactions.  All spectra were acquired in the 500–3500 cm−1 range at a resolution of  2 cm−1 for a total of 256 scans, and baseline-corrected using OPUS 7.5 spectroscopy software (Bruker Optik GmbH, Germany).
2.6. Data presentation and statistical analysis
The peak melting temperatures of individual drugs obtained from the first heating cycle are reported as mean ± standard deviation for a minimum of three independent replicates per drug.  Experimentally obtained onset Tg values for 1:1 CAMs and individual amorphous drugs are also presented as mean ± standard deviation for a minimum of three independent replicates per sample.  The difference between Tg and TgGT values for each CAM was analyzed using a two-tailed independent-samples student’s t-test suitable for comparison of means across two unpaired samples, wherein a p-value less than 0.05 was considered statistically significant.  ATR-FTIR spectra were generally acquired twice to confirm reproducibility of trends, with representative spectra presented.

3. Results
3.1. Properties of individual drugs
	
Drug
	Drug class 
a
	Molecular weight (g/mol)
	H-Bond Donors
	H-Bond Acceptors
	pKa
30-36
	Melting Temperature Tm (ºC) b
	Glass Transition Temperature Tg (ºC) c

	Bifonazole (BFZ)
	3
	310.40
	0
	1
	6.29 
	149.8  0.2
	14.1  0.3

	Clotrimazole (CTZ)
	3
	344.84
	0
	1
	6.12 
	144.7  0.1
	26.2  0.1

	Aripiprazole (ARP)
	2
	448.39
	1
	4
	7.46 
	148.8  0.1
	30.5  0.4

	Indomethacin (IDM)
	3
	357.79
	1
	4
	4.0 
	161.1  0.1
	43.0  0.5

	Ketoprofen (KPF)
	3
	254.29
	1
	3
	4.4 
	95.6  0.1
	-5.9  0.4

	Flurbiprofen (FBP)
	2
	244.26
	1
	3
	4.5 
	116.5  0.1
	-8.4  0.6

	Flufenamic acid (FFA)
	2
	281.23
	2
	6
	3.9 
	134.4  0.3
	9.0  0.2


Table 1: Important properties of the drugs used in this study.
a Based on experimentally observed crystallization behavior in the DSC runs, according to the classification system proposed by Baird et al. 37
b Obtained experimentally as the peak value from the first heating cycle in DSC
c Obtained experimentally as the onset value from the second heating cycle in DSC

Properties of individual drugs namely, molecular weight, number of hydrogen bond donors/acceptors and pKa values are listed in Table 1.  Experimentally obtained peak melting temperature (Tm), onset glass transition temperature (Tg) and drug class (based on crystallization behavior noted during the melt-quench-melt cycle in DSC 37) are also presented in Table 1.  Among all the individual drugs, IDM exhibited the highest Tg (43.0 ºC) followed by ARP, CTZ, BFZ, FFA, KPF and FBP (-8.4 ºC).  While BFZ, CTZ, IDM and KPF did not show crystallization either during the cooling or the second heating cycle, ARP, FBP and FFA exhibited cold-crystallization after the glass transition event in the second heating cycle.

3.2. IDM-based COOH CAMs 
In the first set of experiments, IDM-based COOH CAMs were prepared and analyzed.
3.2.1. Preparation and analysis of 1:1 CAMs using DSC and XRD
[bookmark: _Hlk179546830][bookmark: _Hlk179546923]IDM-based COOH CAMs were prepared using 1:1 molar ratios of IDM with BFZ, CTZ or ARP, for which representative thermograms from the second heating cycle are presented in Supporting Information Figure S1.  All these CAMs exhibited Tg values higher than those of the constituent amorphous drugs and showed significant positive deviations from theoretically predicted TgGT values (Figure 2).  ARP-IDM exhibited the largest deviation (ΔTg =17.8 ± 0.4 °C, p < 0.0001), followed by BFZ-IDM (ΔTg = 15.2 ± 0.4 °C, p < 0.0001) and CTZ-IDM (ΔTg = 14.5 ± 0.4 °C, p < 0.0001).  XRD analysis of all IDM-based COOH CAMs revealed a diffuse halo pattern, confirming the amorphous phase (Supporting Information, Figure S2).  
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Figure 2: Experimental (Tg) and predicted (TgGT) glass transition temperatures of IDM-based COOH CAMs prepared with BFZ, CTZ or ARP at 1:1 molar ratio.  An asterisk (*) symbol indicates statistically significant difference against the corresponding predicted Tg value (p < 0.05).

3.2.2. Analysis of 1:1 CAMS using ATR-FTIR spectroscopy
ATR-FTIR spectroscopy was conducted to examine potential interactions between drugs in the IDM-based COOH CAMs.  Individual amorphous drugs were separately analyzed, whose peak assignments are presented in Table 2.  Specific spectral regions for IDM-based COOH CAMs are presented in Figures 3, 4 and 5, wherein the spectra for individual amorphous drugs are also included to enable direct comparison.  In all the spectra, only the characteristic peaks or peaks corresponding to functional groups that participated in interactions are marked.  Additional peaks for the individual drugs and CAMs are presented and assigned in Supporting Information Table S2.
Table 2: Peak assignments for individual amorphous drugs obtained from ATR-FTIR spectroscopy  
	[bookmark: _Hlk193871693]Drug (amorphous)
	Peak Positions
	Peak Assignments

	
BFZ
	725 cm-1
1599 cm-1
3028 cm-1
	C-H bending of aromatic ring
C=N stretching vibrations
Aromatic C-H stretching vibrations

	
CTZ
	700 cm-1
745 cm-1
1591 cm-1
3057 cm-1
	C-H bending of aromatic ring
C-Cl stretching vibrations
C=N stretching vibrations
Aromatic C-H stretching

	
ARP
	776 cm-1
1266 cm-1
1673 cm-1
3200 cm-1
	C-Cl stretching vibrations
Aromatic C-O stretching
C=O stretching vibrations
N-H stretching of cyclic secondary amide

	

IDM
	749 cm-1
1590 cm-1
1676 cm-1
1708 cm-1
1736 cm-1
3087 cm-1
	C-Cl stretching vibrations
C=C of aromatic ring stretching 
Benzoyl carbonyl C=O stretching
Carboxylic acid C=O stretching (dimer)
Carboxylic acid C=O stretching
Carboxylic acid O-H stretching

	KPF
	784 cm-1
1654 cm-1
1703 cm-1
1736 cm-1
2938 cm-1
	Out of plane C-H bending vibrations
Carboxylic acid C=O stretching (dimer)
Ketone C=O stretching 
Carboxylic acid C=O stretching 
Carboxylic acid O-H stretching 

	FBP
	764 cm-1
1215 cm-1
1694 cm-1
2933 cm-1
	Out of plane C-H bending vibrations
C-F stretching vibrations
Carboxylic acid C=O stretching 
Carboxylic acid O-H stretching 

	FFA
	694 cm-1
742 cm-1
786 cm-1
1326 cm-1
1659 cm-1
3335 cm-1
	C-F stretching vibrations
C-F stretching vibrations
Out of plane C-H deformation
C=C stretching vibrations
Carboxylic acid C=O stretching 
N-H stretching of secondary amide
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Figure 3: ATR-FTIR spectrum of BFZ-IDM COOH CAM prepared at 1:1 molar ratio, depicted along with the spectra of amorphous BFZ and amorphous IDM controls.

Compared to the individual amorphous drug spectra, attenuation of peaks was observed in the spectra of BFZ-IDM CAMs (Figure 3).  Here, IDM's benzoyl C=O stretching shifted from 1676 to 1674 cm-1 and carboxylic acid C=O stretching shifted from 1708 to 1720 cm-1 and from 1736 to 1732 cm-1.  The out of plane C-H bending of BFZ’s aromatic ring shifted from 725 to 728 cm-1, unlike the peak at 694 cm-1.  Further, BFZ’s aromatic C-H stretch vibrations shifted from 3028 to 3026 cm-1 and C-H deformation shifted from 1480 cm-1 to 1481 cm-1 in the BFZ-IDM CAM (Supporting Information Table S2).  Likewise, IDM's C-O stretching and C=C stretching of aromatic ring shifted from 1215 cm-1 and 1472 cm-1 to 1222 cm-1 and 1470 cm-1, respectively (Supporting Information Table S2).  Finally, the C=C stretching vibrations of IDM’s aromatic ring shifted and merged with C=N stretching of BFZ at [image: ]1588 cm-1 in the BFZ-IDM CAM.
Figure 4: ATR-FTIR spectrum of CTZ-IDM COOH CAM prepared at 1:1 molar ratio, depicted along with the spectra of amorphous CTZ and amorphous IDM controls.

Attenuation of peaks was also observed in the spectra of CTZ-IDM CAMs compared to their respective individual amorphous drug spectra (Figure 4).  Peak shifts in the CTZ-IDM CAMs included C-Cl stretch of CTZ and IDM appearing at 748 cm-1, out of plane C-H bending of CTZ’s aromatic ring shifting from 700 to 707 cm-1, IDM's benzoyl C=O stretching shifting from 1676 to 1675 cm-1, IDM’s C-O stretching shifting from 1215 cm-1 to 1216 cm-1 and IDM’s C=C stretching in the aromatic ring shifting from 1472 cm-1 to 1475 cm-1.  Importantly, the carboxylic acid C=O stretching of IDM shifted from 1708 to 1720 cm-1 and from 1736 to 1737 cm-1.  Additionally, the C=C stretching in the aromatic ring of CTZ shifted from 1440 cm-1 to 1445 cm-1, while the aromatic C-H stretching in CTZ did not show any shift (Supporting Information Table S2).  Finally, the C=N stretching vibrations of CTZ shifted from 1591 to 1588 cm-1, while the aromatic C-H [image: ]stretching of CTZ shifted from 3057 to 3058 cm-1 in the CTZ-IDM CAM.
Figure 5: ATR-FTIR spectrum of ARP-IDM COOH CAM prepared at 1:1 molar ratio, depicted along with the spectra of amorphous ARP and amorphous IDM controls.

In the ARP-IDM CAMs, the transition from amorphous to co-amorphous environment was reflected in the diminution of peaks, as well as significant changes to the carboxylic acid region of IDM (Figure 5).  Specifically, the carbonyl region of ARP broadened and merged with the carbonyl region of IDM at around 1674 cm-1.  Further, the carboxylic acid C=O stretching peaks for IDM at 1708 and 1736 cm-1 were significantly diminished and almost disappeared in the ARP-IDM CAM.  The CH2 stretching and N-H stretch of cyclic secondary amide in ARP shifted from 2813 to 2819 cm-1 and 3200 to 3207 cm-1, respectively (Supporting Information Table S2).  Finally, the C-Cl stretching vibrations of both IDM and ARP shifted from 749 cm-1, 709 cm-1 and 776 cm-1 to 753 cm-1, 710 cm-1 and 780 cm-1, respectively, in the ARP-IDM CAM.
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Figure 6: Experimental (Tg) and predicted (TgGT) glass transition temperatures of (a) BFZ-IDM, (b) CTZ-IDM and (c) ARP-IDM COOH CAMs prepared at systematically varying molar ratios.  The bottom X-axes in panels a-c depict drug weight fractions for ease of interpretation.  (d) Width of the glass transition region for IDM-based COOH CAMs prepared at different molar ratios, which correspond to weight fractions of BFZ, CTZ or ARP ranging from ~0.2 to ~0.6.

In all the IDM-based COOH CAMs, positive Tg deviations were observed at all molar ratios (Figure 6a,b,c), with deviations being significantly higher at higher IDM weight fractions.  The highest deviations were observed for ARP-IDM (ΔTg = 23.3 °C) at 1:2 molar ratio, followed by CTZ-IDM (ΔTg = 17.4 °C) at 4:6 molar ratio and BFZ-IDM (ΔTg = 16.5 °C) at 4:6 molar ratio.  The Tg width (i.e., the difference between onset and endpoint Tg values for a given transition) for different CAMs was analyzed over the range of compositions where the largest Tg deviations were observed.  The molar ratio that exhibited the largest Tg deviation almost agreed with the ratio that resulted in the smallest Tg width (Figure 6d).  

3.3. Extension of the analysis to other COOH CAMs
To extend the phenomenology of the trends observed in the IDM-based COOH CAMs, deviations in glass transition temperatures (ΔTg) were also investigated for other 1:1 CAMs prepared with COOH containing drugs, namely KPF, FBP or FFA.
3.3.1. Preparation and analysis using DSC and XRD
Like the IDM-based COOH CAMs, all the CAMs prepared with KPF, FBP or FFA exhibited positive deviations as compared to their respective TgGT values (Figure 7).  Among the KPF-based CAMs, the highest deviation was observed for ARP-KPF (ΔTg = 17.1 ± 0.5 °C, p<0.0001) followed by CTZ-KPF (ΔTg = 16.7 ± 0.2 °C, p<0.0001) and BFZ-KPF (ΔTg = 15.6 ± 0.5 °C, p<0.0001).  These deviations were comparable for FBP-based CAMs, with the highest deviation observed for ARP-FBP (ΔTg = 18.8 ± 0.6 °C, p<0.0001), followed by CTZ-FBP (ΔTg = 17.0 ± 0.3 °C, p<0.0001) and BFZ-FBP (ΔTg = 15.4 ± 0.2 °C, p<0.0001).  Among all the 1:1 molar ratio COOH CAMs tested in this study, ARP-FFA displayed the largest deviation (ΔTg = 22.4 ± 0.3 °C, p<0.0001).  However, CTZ-FFA (ΔTg = 14.8 ± 0.4 °C, p<0.0001) and BFZ-FFA (ΔTg = 10.7 ± 0.5 °C, p<0.0001) exhibited relatively less deviations.  Representative diffraction spectra for COOH CAMs exhibiting the largest deviations (i.e., ARP-KPF, ARP-FBP and ARP-FFA) revealed a halo pattern (Supporting Information Figure S3), consistent with the amorphous phase.
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Figure 7: Experimental (Tg) and predicted (TgGT) glass transition temperatures of (a) KPF-based, (b) FBP-based and (c) FFA-based COOH CAMs prepared with ARP, CTZ or BFZ at 1:1 molar ratio.  An asterisk (*) symbol indicates statistically significant difference against the corresponding predicted Tg value (p < 0.05).

3.3.2. Analysis of 1:1 CAMS using ATR-FTIR spectroscopy
Based on the Tg deviations being the maximum for ARP-KPF, ARP-FBP and ARP-FFA CAMs, these samples were further analyzed using ATR-FTIR spectroscopy.  In the ARP-KPF CAMs (Supporting Information Figure S4), the carboxylic acid C=O stretching in KPF shifted from 1736 to 1727 cm-1, while the ketone C=O stretching band at 1703 cm-1 was not observed.  Likewise, ARP’s C=O stretching peak shifted from 1673 to 1677 cm-1, C-Cl stretching peak shifted from 776 to 778 cm-1 and N-H stretching of the cyclic secondary amide shifted from 3200 to 3203 cm-1 in the ARP-KPF CAMs.  In ARP-FBP CAMs (Supporting Information Figure S5), the C-Cl stretching peak of ARP shifted from 776 to 779 cm-1, while the C=O stretching band at 1673 cm-1 shifted to 1676 cm-1 and presented as a broad peak.  The carboxylic acid C=O stretching of FBP at 1694 cm-1 was significantly diminished and appeared to have merged with ARP’s peak at 1676 cm-1.  Likewise, the N-H stretching vibrations of the cyclic secondary amide in ARP shifted from 3200 to 3193 cm-1 in the ARP-FBP CAMs.  The transition to a co-amorphous environment was also reflected in the diminution of peaks in the spectra of ARP-FFA CAMs compared to their respective individual amorphous drug spectra (Supporting Information Figure S6).  Here, peak shifts included FFA’s C=C stretching shifting from 1326 to 1329 cm-1 and ARP’s N-H stretching of the cyclic secondary amide shifting from 3200 to 3202 cm-1.  The N-H stretching of FFA’s secondary amide at 3335 cm-1 was significantly diminished in the CAMs, while the carboxylic acid C=O stretching band of FFA at 1659 cm-1 was not observed in the CAM but appeared merged with the carbonyl region of ARP at 1675 cm-1.  Finally, the C-Cl stretching of ARP shifted from 776 to 781 cm-1.
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Figure 8: Experimental (Tg) and predicted (TgGT) glass transition temperatures of a) ARP-KPF, b) ARP-FBP and c) ARP-FFA COOH CAMs prepared at systematically varying molar ratios.  The bottom X-axes in panels a-c depict drug weight fractions for ease of interpretation.  (d) Width of the glass transition region for COOH CAMs prepared at different molar ratios, which correspond to weight fraction of ARP ranging from ~0.2 to ~0.7.

For ARP-KPF, ARP-FBP and ARP-FFA, Tg deviations from predicted TgGT values were further analyzed at different molar ratios.  Positive deviations were observed at all molar ratios (Figure 8), wherein deviations were generally larger at higher KPF or FBP or FFA weight fractions.  The highest deviations were observed at 2:8 molar ratio for ARP-KPF (ΔTg = 25.4 °C), 1:2 molar ratio for ARP-FBP (ΔTg = 23.5 °C) and 1:1 molar ratio for ARP-FFA (ΔTg = 22.4 °C).  Concomitant visualization of the Tg width indicated a decreasing trend approaching 1:1 molar ratio for all CAMs (Figure 8d).
3.4. Analysis of non-COOH CAMs 
To confirm the role of the COOH group in promoting significant deviations in Tg values, 1:1 CAMs were prepared with combinations of drugs lacking the COOH group viz., ARP, CTZ and BFZ (Figure 9a).  The creation of the amorphous phase for all three non-COOH CAMs was confirmed using XRD (Supporting Information Figure S7).  ARP-CTZ (ΔTg = 0.1 ± 0.3 °C, p = 0.71) and ARP-BFZ (ΔTg = 0.1 ± 0.2 °C, p = 0.25) did not exhibit statistically significant deviations from theoretically predicted TgGT values.  Although the Tg of BFZ-CTZ showed a statistically significant difference compared to TgGT (ΔTg = 0.8 ± 0.2 °C, p = 0.0009), this difference was not scientifically significant.  Importantly, all three non-COOH CAMs exhibited no meaningful deviations from theoretical predictions at any of the tested molar ratios (Figure 9b,c,d).  Further, the width of the Tg region for these non-COOH CAMs did not appear to show any specific trends as a function of molar ratio (data not shown).  ATR-FTIR spectra for non-COOH CAMs are presented in Supporting Information Figures S8, S9 and S10.  In the BFZ-CTZ CAMs, the C-Cl stretching bands of CTZ shifted from 745 to 748 cm-1, the out of plane C-H bending of the CTZ aromatic ring shifted from 700 to 695 cm-1 and the aromatic C-H stretching of BFZ and CTZ shifted from 3028 cm-1 and 3057 cm-1  to 3024 cm-1 and 3056 cm-1, respectively (Supporting Information Figure S8).  In the ARP-CTZ CAMs, the C-Cl stretching of CTZ and ARP shifted from 745 and 776 to 748 cm-1 and 779 cm-1, respectively (Supporting Information Figure S9).  While the carbonyl stretching band of ARP broadened and shifted from 1673 to 1678 cm-1, the aromatic C-H stretching vibrations of CTZ shifted from 3057 to 3060 cm-1 and the N-H stretching of ARP’s cyclic secondary amide shifted from 3200 to 3195 cm-1.  In the ARP-BFZ CAMs, the C-H bending of BFZ’s aromatic ring exhibited a shift from 725 to 728 cm-1, and the carbonyl region of ARP broadened and shifted from 1673 to 1674 cm-1 (Supporting Information Figure S10).  Further, the aromatic C-H stretching vibrations of BFZ shifted from 3028 to 3026 cm-1 and the N-H stretching of the cyclic secondary amide in ARP shifted from 3200 to 3195 cm-1.
[image: ]
Figure 9: a) Experimental (Tg) and predicted (TgGT) glass transition temperatures of non-COOH CAMs prepared with BFZ, CTZ and ARP at 1:1 molar ratio. An asterisk (*) symbol indicates statistically significant difference against the corresponding predicted Tg value (p < 0.05). Experimental (Tg) and predicted (TgGT) glass transition temperatures of (b) BFZ-CTZ, (c) ARP-CTZ and (d) ARP-BFZ non-COOH CAMs prepared at systematically varying molar ratios.  X-axes in panels b-d depict drug weight fractions for ease of interpretation.

4. Discussion
4.1. Preparation of CAMs
Several different preparation methods are available for CAMs such as spray drying 38, hot melt extrusion 39, quench-cooling 40 and co-precipitation 41.  In the present study, DSC was used to prepare CAMs following the well-established melt-quench method 42.  Complete melting was ensured by heating 10 °C above the melting point of the higher melting drug, while the amorphous phase was stabilized by cooling to 20 °C below the expected Tg value.  All the drugs used in this study belonged to either class 2 or 3 based on the crystallization tendency of undercooled melts 37, and thus did not crystallize in the quenching cycle.  The range of temperatures for the heating and cooling cycles (Supporting Information Table S1) were appropriately determined based on the thermal properties of specific drug combinations.  For each drug, absence of thermal degradation over the tested temperature range was confirmed a priori using thermogravimetry analysis.
4.2. Analysis of Tg deviations in COOH CAMs prepared at 1:1 molar ratio
The thermal properties of 1:1 molar ratio COOH CAMs were analyzed using DSC.  All the IDM-based COOH CAMs exhibited a single glass transition event in the second heating cycle, indicating a homogeneous amorphous phase.  Cold-crystallization behavior was observed in the amorphous ARP control but was suppressed in 1:1 CAMs as confirmed by the absence of an exothermic peak in the second heating cycle (Supporting Information Figure S1).  Previous studies have reported similar results for the inhibition of curcumin nucleation by chlorogenic acid due to hydrogen bonding 43, and inhibition of ofloxacin crystallization in ofloxacin-tryptophan CAMs due to hydrogen bonding and π-π stacking 44.  In yet another study, hindered molecular mobility within CAMs was shown to inhibit the crystallization of ezetimib-indapamid, although neat amorphous ezetimib exhibited crystallization 45.
For ideally mixed binary components, the Tg is expected to lie between the Tg values of the respective components weighted by their respective fractions 46.  This theoretical prediction of CAM Tg under the ideal mixing assumption is based on mixing rules given by the G-T equation 2.  A positive deviation may be attributed to the presence of strong intermolecular interactions between the two components 47, wherein CAMs possessing high Tg values tend to show higher stability in the amorphous solid state 48.  All the 1:1 IDM-based COOH CAMs exhibited significant deviations from TgGT predictions (Figure 2), with IDM-ARP exhibiting the highest deviation.  The ΔTg trends observed for IDM-based COOH CAMs were also observed in CAMs prepared with KPF, FBP or FFA possessing the COOH group (Figure 7).  Importantly, the Tg values of all COOH CAMs were higher than the higher Tg drug in each sample, which has been reported before for drugs possessing strong hydrogen bonding groups such as the carboxylic acid 49.  This elevation in the Tg of COOH CAMs can potentially be translated for formulation design to help improve the physical stability50, reduce the recrystallization tendency 51 and enhance the kinetic stability52 during storage of CAMs.
4.3. Intermolecular interactions in COOH CAMs
[bookmark: _Hlk193718741][bookmark: _Hlk183798651]The spectra of amorphous individual drugs exhibited peaks (Table 2) in accordance with previous reports in the literature 53-59.  IDM-based COOH CAMs prepared at 1:1 molar ratio were first investigated as a representative class from the COOH CAMs.  The interactions in BFZ-IDM CAMs (Figure 3) included a shift for the C=O stretching bands in IDM and the C-H deformation in BFZ, implying hydrogen bond formation.  A similar interaction has been previously reported for the NH and COOH groups for co-amorphous systems of Naproxen-Cimetidine 9 and Cimetidine-Diflunisal 12.  Further, shifts in the out-of-plane C-H bending of the aromatic ring and aromatic C-H stretching vibrations of BFZ, as well as shifts in the C=C stretching of the aromatic ring in IDM suggested π-π interactions between the BFZ and IDM in the present study.  In the case of CTZ-IDM CAMs (Figure 4), the shift of carbonyl bands in IDM indicated halogen bond formation between C=O of IDM and C-Cl of CTZ, which has been recently suggested in amorphous solid dispersions prepared with CTZ 16.  The shift in the C=N region of CTZ indicated the formation of a hydrogen bond between the imidazole ring of CTZ and the OH of IDM.  As with BFZ-IDM, shifts in the out-of-plane C-H bending, C=C stretching vibrations in aromatic rings and aromatic C-H stretching in CTZ, as well as shifts in the C=C stretching in the aromatic ring of IDM may be attributed to π-π interactions between CTZ and IDM.  
In ARP-IDM CAMs (Figure 5), shifts in C-Cl stretching bands of both ARP and IDM indicated possible halogen bonds between C-Cl of ARP and C=O of IDM, as well as C-Cl of IDM and C=O of ARP.  Significant peak shifts observed in the regions of N-H stretch of ARP implied hydrogen bonding.  Importantly, the C=O stretching bands of the free carboxylic acid and acid dimer in amorphous IDM at 1736 cm⁻¹ and 1708 cm⁻¹, respectively, almost disappeared in the ARP-IDM CAMs, indicating ionic bond formation12-13, 60, and disruption of IDM acid dimer through hydrogen bonding 61.  These trends were also observed with other COOH CAMs prepared with ARP namely, ARP-KPF, ARP-FBP and ARP-FFA (Supporting Information Figure S4, Figure S5, Figure S6).  In these COOH CAMs, significant peak shift in KPF’s C=O stretching, the absence of KPF’s ketone C=O stretching peak, significant diminution and broadening/merging of FBP’s C=O stretching peak and significant broadening/merging of FFA’s C=O stretching band indicated ionic bond formation.  Importantly, ΔpKa values of ~3 or higher between drugs in the ARP-IDM, ARP-KPF, ARP-FBP and ARP-FFA CAMs would have favored ionic interactions 49, 62, resulting in some of the highest Tg deviations across all 1:1 CAMs prepared in this study.   Finally, shifts associated with ARP’s C=O stretching and ARP’s N-H stretching vibrations in the COOH CAMs indicated hydrogen bonding, while shifts in ARP’s C-Cl stretch suggested halogen bonding.  
Previous studies have reported high Tg deviations arising from extensive intermolecular interactions between IDM and arginine in CAMs due to amorphous salt formation 47.  Similar deviations have also been observed by the addition of a salt co-former, enabling a ternary co-amorphous system of carbamazepine, citric acid, and l-arginine to complete salt formation 63.  Likewise, higher elevation in Tg has been reported for the sodium form of IDM compared to its free acid form due to strong ionic interactions 64.  In the current study, the Tg deviations for COOH CAMs may be explained primarily based on ionic bonds (including differences in pKa values) and COOH-associated hydrogen bonding with supporting contributions from π-π interactions and halogen bonding.  Indeed, a similar positive deviation was reported by Huang et al. for valsartan CAMs in combination with histidine, wherein hydrogen bonding between valsartan's carboxylic acid and histidine amino groups, as well as ionic bonding due to salt formation between valsartan’s carboxylic acid and guanidyl vibrations of arginine, was confirmed by FTIR 60.  Taken together, the results from the current study reveal the effects of ionic, hydrogen, π-π and halogen bonds on the trends observed in ΔTg values across CAMs.
4.4. Non-stoichiometric molar ratios in COOH CAMs and the role of molecular cooperativity 
To understand the effect of COOH-containing drugs at non-stoichiometric molar ratios, systematically varying ratios from 1:9 to 9:1 were prepared and ΔTg trends were visualized.  All the COOH CAMs showed significant deviations over the entire range of molar ratios (Figure 6a,b,c and Figure 8a,b,c).  Continuity in Tg as a function of the mixing ratios indicated that stoichiometric pairing had only a minor contribution towards CAM stabilization.  For many of the COOH CAMs, the largest Tg deviations were often noted at non-stoichiometric molar ratios.  Previous studies have reported similar trends for ΔTg across systematically varied molar ratios.  For example, Wu et al. reported the highest Tg deviation for carvedilol CAMs prepared with organic acids at non-stoichiometric ratios (1.5:1, 2:1) 65, while Di et al. observed the highest deviation at 30% drug for carvedilol–tryptophan CAMs due to intensive hydrogen bonds 66.  The mechanism behind the largest deviations at non-stoichiometric ratios noted in the present study could be multi-faceted: extensive interactions between the components 47, salt formation 63, steric hindrance 67 and the anti-plasticization effect.  Although drugs such as IDM are known to form dimers by forming two hydrogen bonds using the carboxylic group 68, an increase in ΔTg with the addition of other drug molecules indicated stronger interactions than accounted for by COOH-associated hydrogen bond paring alone.  Notably, a decrease in the width of the Tg region was observed for ARP-IDM, CTZ-IDM, ARP-FBP and ARP-FFA at non-stoichiometric molar ratios at which the highest Tg deviations were also seen.  As a decreased width of the glass transition region originates from an increase in the characteristic length of the cooperatively rearranging region 27, the trends in the present study indicate the formation of effective molecular networking structure via diverse molecular interactions 69.  Together, these results suggest increased molecular cooperativity as an important mechanism for CAM stabilization.  
4.5. Analysis of CAMs lacking the COOH group
In the present study, CAMs prepared with drugs lacking the COOH group showed no meaningful deviations from TgGT predictions for all molar ratios that were tested (Figure 9).  However, the absence of Tg deviations does not preclude the absence of intermolecular interactions 10.  Indeed, intermolecular interactions were observed in these CAMs despite the absence of positive Tg deviations. In the BFZ-CTZ and ARP-CTZ CAMs, shifts in the C-Cl stretch regions of CTZ and ARP suggested the formation of halogen bonds.  Likewise, significant shifts in the out-of-plane C-H bending of CTZ aromatic ring and aromatic C-H stretching vibrations of BFZ and CTZ indicated π-π interactions in BFZ-CTZ CAMs.  Importantly, shifts in the N-H stretching region of ARP suggested possible non-COOH hydrogen bonding in ARP-CTZ and ARP-BFZ.  These results are supported by a previous study by Chen et al., who reported an insignificant deviation in Tg for Nifedipine-epigallocatechin-3-gallate CAMs at 1:2 (0.19 °C) and 1:3 (0.12 °C) molar ratios, where hydrogen bonding was observed between the NH of Nifedipine and the OH of epigallocatechin-3-gallate 70.
4.6. Generalized correlations for ΔTg trends and molecular interactions
Table 3: Deviations in glass transition temperatures for 1:1 CAMs and possible interactions
	
	FFA
	FBP
	IDM
	KPF
	CTZ
	BFZ

	ARP
	22.4 ± 0.3
	18.8 ± 0.6
	17.8 ± 0.4
	17.1 ± 0.5
	0.1 ± 0.3
	0.1 ± 0.2

	CTZ
	14.8 ± 0.4
	17.0 ± 0.3
	14.5 ± 0.4
	16.7 ± 0.2
	-
	0.8 ± 0.3

	BFZ
	10.7 ± 0.5
	15.4 ± 0.2
	15.2 ± 0.4
	15.6 ± 0.5
	0.8 ± 0.3
	-



Possible interactions
Orange cells: Ionic bond, COOH-associated hydrogen bond, π-π interactions, halogen bond
Blue cells: COOH-associated hydrogen bond, π-π interactions, possible halogen bond
Green cells: Non-COOH hydrogen bond, π-π interactions, possible halogen bond

To develop a generalized design framework for Tg deviations and intermolecular interactions, all the 15 different CAMs tested in this study were ordered based on the ΔTg values and categorized into three different groups based on the proposed nature of interactions (Table 3).  The first type of intermolecular interactions included ionic bonds, COOH-associated hydrogen bonds, π-π interactions and halogen bonds.  This group included 1:1 CAMs that showed the largest Tg deviations, namely ARP-FFA, ARP-FBP, ARP-IDM and ARP-KPF.  In these CAMs, the co-existence of π-π interactions and halogen bonds could have exerted synergistic effects to further enhance Tg elevation.  The second category of interactions included COOH-associated hydrogen bonds and π-π interactions, with or without halogen bonds.  The overall ΔTg values were lower in this category as compared to the first category, which may be attributed to the lower strength of the COOH-associated hydrogen bonds as compared to ionic bonds associated with salt formation 71.  The third category of interactions included non-COOH hydrogen bonds and π-π interactions, with or without halogen bonds, which included BFZ- CTZ, ARP-BFZ and ARP-CTZ CAMs.  The Tg values in this last group showed no significant deviations from theoretically predicted TgGT values.  These results are in accordance with the weak nature of the hydrogen bonds formed in such CAMs 70.  These results also suggest that π-π interactions or halogen bonds on their own may not be sufficient to cause large shifts in Tg values.  In summary, the results from this study establish that Tg elevation can be directly influenced by the type, strength and diversity of interactions between mixtures of two drugs in the amorphous state.  These results further demonstrate that simple rules based on H-bond donors/acceptors that do not account for specific interactions may not be suitable for CAM design as drugs possessing similar H-bond donors/acceptors (Table 1) do not necessarily show similar Tg elevation trends.  
Although a limited number of CAM combinations were tested at several molar ratios in the present study, a larger set of CAMs with diverse functional groups and pKa values (beyond those explored herein) may be investigated in the future by employing design-of-experiments approaches (e.g., screening designs).  Such a strategy would enable the development of universal guidelines for drug-drug CAMs exhibiting elevated Tg values.  Further, drug combinations investigated in this study were not chosen based on pharmacological relevance or for specific clinical applications because the goal was to understand the relationship between glass transition elevation and molecular interactions in amorphous drug mixtures.  Although CAMs prepared using anti-fungal drugs and NSAIDs (e.g., CTZ-IDM, BFZ-KFP) may potentially be used to overcome fungal resistance and improve anti-fungal efficacy 72-73, the generalized correlations between drug-drug interactions and Tg deviations reported in Table 3 have larger implications for CAM design.  More specifically, they can be used to inform the choice of drugs and the type of functional groups required to promote the stability of CAMs in desired pharmaceutical applications.  Finally, the stability and solubility advantages conferred by Tg elevation will need to be investigated in the future because CAM stability is known to depend on factors other than Tg alone (e.g., molecular mobility, anti-plasticization effect, molar ratios) 74.

5. Conclusions
In this study, CAMs with varying molar ratios were prepared using IDM, FFA, FBP, or KPF with ARP, CTZ or BFZ.  Deviations in Tg values from theoretical predictions were systematically analyzed.  While the Tg values of all non-COOH CAMs were in accordance with predicted values under the assumption of ideal mixing, all the IDM-based, KPF-based, FBP-based and FFA-based COOH CAMs exhibited significant positive deviations at all molar ratios.  The highest Tg deviations were noted for CAMs that involved ionic bonds (ΔpKa value of ~3 or higher), COOH-associated hydrogen bonds and synergistic contributions from π-π interactions and halogen bonds.  COOH-associated hydrogen bonds, along with π-π interactions, also resulted in significant Tg deviations, albeit to a lesser extent.  Non-COOH hydrogen bonds, halogen bonds and π-π interactions on their own did not result in significant Tg elevation.  Diversity in interaction modes appeared to increase Tg values due to higher molecular cooperativity as indicated by a decrease in Tg width.  Overall, this study offers a generalized framework to correlate Tg deviations with intermolecular interactions, thus laying the foundation for the design of stable CAMs.  
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