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Abstract 

The selective hydrogenation of biomass-derived hydroxymethyl furfural (HMF)-acetone-HMF (HAH) 

presents an alternative route to producing highly functionalized polyesters and polyurethanes. While HAH 

undergoes furan ring hydrogenation over Pd, Ru, and Ni catalysts, furan ring hydrogenation is not 

observed over Cu. Herein, we combine reaction kinetics experiments and density functional theory 

calculations to elucidate the selective hydrogenation behavior of HAH over Cu catalysts. We identified 

furfural acetone (FAc) as a suitable surrogate for modeling HAH hydrogenation over Cu surfaces and 

performed reaction kinetics experiments between temperatures of 313-393 K and a H2 partial pressure 

of 30 bar FAc. Similar to the behavior of HAH, hydrogenation of FAc follows a consecutive 2-step 

hydrogenation pathway over Cu and does not undergo furan ring hydrogenation. The apparent activation 

energy barriers for hydrogenation of the aliphatic double bond (0.58 eV) and carbonyl (0.43 eV) of FAc 

measured in a continuous flow reactor setup are consistent with those reported in prior studies for batch 

HAH hydrogenation. Reaction orders with respect to each reactant, including H2 and FAc, were 

determined to be nearly one. Density functional theory (DFT; GGA-PBE-D3) calculations on Cu(111) 

showed that the hydrogenation of the aliphatic double bond of FAc is more facile than the hydrogenation 

of the furan ring, which displays weak interactions with the Cu surface. We determined an apparent 

activation energy barrier for FAc hydrogenation (0.58 eV) that agreed with our DFT predictions (highest 

barrier for FAc hydrogenation of 0.57 eV). Our DFT calculations further show that weak interactions 

between the furan ring and Cu surface are responsible for the selective hydrogenation behavior.  
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Introduction 

 

Increasing dependence on petroleum-based products has renewed interest in utilizing alternative 

biomass-derived feedstocks. Among notable biomass-derived chemicals, 5-

hydroxymethylfurfural (HMF) has been identified as a versatile platform molecule that can be 

synthesized sustainably through the selective dehydration of simple sugars.1–3 Studies have 

shown that HMF can be obtained in high yields at the laboratory scale, and production can be 

accomplished using existing chemical infrastructure.4 It has been demonstrated that HMF and 

other similar platform molecules can be used to produce higher molecular weight molecules (C9 

- C15) suitable for potential diesel and jet fuels.5–9 More generally, we recently demonstrated that 

an HMF-acetone-HMF (HAH) monomer can be obtained in high yields through an aldol 

condensation.10 This HAH molecule is a highly functionalized platform chemical that opens 

pathways for the production of a wide range of C15 monomers,6 organic dyes,11 and high molecular 

weight liquid fuels4 and displays higher stability than HMF.6 Previous techno-economic analyses 

have shown that the costs of producing HAH-derived monomers and chemical intermediates 

derived from HAH are competitive with fossil fuel-based precursors.12 As a result, HAH, along 

with its various hydrogenated products, may offer an economically viable, alternative solution to 

synthesize tunable, functionalized polyurethanes and polyesters.6 By controlling the degree of 

hydrogenation, the chemical properties of HAH-derived polymers can be controlled leading to 

improved thermal stability and stiffness in polymeric products.  

 

In a recent study, we reported the hydrogenation behavior of HAH over various transition metal 

catalysts.7 While hydrogenation of the furan ring was reported over Pd and Ru surfaces, Cu 

surfaces selectively hydrogenated the aliphatic double bonds of HAH, with no further furan ring 

hydrogenation.7 In the present paper, we investigate the surface interactions over transition metal 

catalysts that govern the selective hydrogenation behavior to identify improved catalytic materials. 

We adopted a combined experimental-theoretical approach to study the selective hydrogenation 

of HAH over transition metal catalysts. In this approach, we combined detailed reaction kinetics 

experiments using both batch and continuous flow reactors with first-principles calculations to 

obtain insights into the surface chemistry occurring on transition metal catalysts.  

 

Given the large molecular size of HAH that would render molecular simulations impractically 

expensive, we employed a surrogate molecule to model HAH hydrogenation that was more 

tractable for computational modeling. Through batch reaction kinetic experiments over a Cu/γ-
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Al2O3 catalyst, we identified furfural acetone (FAc) (shown in Figure 1), which retains all relevant 

double bonds present in HAH while significantly reducing the molecule size, as a suitable 

surrogate to describe HAH hydrogenation. Despite lacking the hydroxymethyl group present on 

the furan ring, the FAc hydrogenation pathway was found to be consistent with that of HAH over 

a Cu catalyst. Next, we investigated FAc hydrogenation in a continuous flow reactor to extract 

reaction kinetics parameters. In addition, we performed DFT calculations to model the 

hydrogenation of FAc over a Cu(111) surface. Using insights from the FAc surrogate, we explored 

the thermodynamic and structural descriptors that govern HAH hydrogenation over Cu catalysts. 

 

 

Figure 1. Molecular structures for 5-hydroxymethylfurfural (HMF)-acetone-HMF (HAH) and furfural acetone 
(FAc), the computational surrogate used as a proxy for HAH. 

 

Through our combined experimental and theoretical investigation, we find that experimental 

results for selective hydrogenation pathways of FAc are consistent with theoretical predictions 

over Cu catalysts. We find that a weak interaction between the Cu(111) surface and the furan ring 

in FAc prohibits furan ring hydrogenation. 

Results and Discussion 

1 Batch Reaction Experiments 

Batch reactor experiments were conducted over a Cu/γ-Al2O3 catalyst to compare the 

hydrogenation behavior of the FAc surrogate with that of HAH. Reaction kinetics experiments 

were performed using a 45 mL Parr reactor equipped with a dip tube for sampling. The 

temperature was varied between 313 and 393 K, and a feed solution comprised of 56 mM FAc in 

2-propanol was used. For each reaction condition, the concentrations of FAc and hydrogenated 

products were monitored over time. Structures for all hydrogenated products were confirmed 

using NMR (Figures S1-S3 in the Supporting Information). The results of these experiments are 

shown in Figure . 
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Figure 2. Concentration profiles showing FAc hydrogenation products over a Cu/γ-Al2O3 catalyst for A) 313 
K, B) 333 K, C) 363 K, and D) 393 K. Circles denote experimental measurements whereas solid lines 
indicate concentration profiles derived from fitted reaction kinetics parameters. For each experiment, the 
reactor was loaded with 56 mM FAc dissolved in 30 mL of 2-propanol, pressurized to 30 bar with H2, and 
heated to the reaction temperature at a heating rate of 3 K min-1. PFAc stands for partially hydrogenated 
FAc; Carbonyl and hydroxyl groups in PFAc are abbreviated to =O and -OH, respectively. 

 

From these experiments, FAc was found to proceed through two consecutive hydrogenation 

events (Figure 2(A)). Using a lumped reaction scheme similar to the 3-step network previously 

identified for HAH hydrogenation over Cu,7 the 2-step scheme shown in Scheme 1 was adopted 

for FAc hydrogenation. In this scheme, FAc is first converted to PFAc=O through the 

hydrogenation of the aliphatic double bond, followed by cascade hydrogenation of the C=O bond 

to form PFAc-OH. Notably, the sequence of FAc hydrogenation events was found to be consistent 

with that of HAH hydrogenation over Cu, and no hydrogenation of the furan rings to fully 

hydrogenated FAc species (FFAc) was observed. Despite lacking the furan hydroxymethyl group 

present in HAH, agreement between the hydrogenation pathways of FAc and HAH suggests that 
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the hydroxymethyl group does not play an active role in the specific surface chemistry. 

Subsequent DFT calculations also indicate that hydroxyl groups on relevant adsorbed molecules 

interact weakly with the Cu(111) surface. 

 

 
Scheme 1. Reaction network for FAc hydrogenation over Cu/γ-Al2O3. Black lines indicate the 
experimentally observed pathway, whereas pink lines denote possible furan ring hydrogenation pathways. 
Solid lines represent aliphatic double bond or carbonyl hydrogenation steps and dashed lines represent 
furan ring hydrogenation steps. PFAc stands for partially hydrogenated FAc. FFAc stands for fully 
hydrogenated FAc; Carbonyl and hydroxyl groups in PFAc are abbreviated to =O and -OH, respectively. 

 

Table 1 shows the apparent activation energies (Eapp) determined from our experiments on FAc 

hydrogenation over the Cu/γ-Al2O3 catalyst. The batch-calculated apparent activation energies 

for FAc hydrogenation agreed with reported values for batch HAH hydrogenation over Cu/γ-

Al2O3.7 The apparent activation energy barrier for batch hydrogenation of the aliphatic double 

bond of FAc (59 ± 29 kJ mol-1) was 16 kJ mol-1 higher than hydrogenation of the first alkene group 

of HAH (43 ± 14 kJ mol-1).7 Moreover, the barrier for hydrogenation of the aliphatic double bond 

of FAc was similar to the hydrogenation barrier for the HAH double bond (58 ± 26 kJ mol-1).7 One 

possible explanation for the discrepancy between the aliphatic double bond hydrogenation 

barriers between HAH and FAc involves stronger dispersion interactions between HAH and its 

hydrogenated products with the Cu surface compared to FAc. The additional furan ring of HAH 

may stabilize surface adsorption, resulting in more facile hydrogenation of the first HAH alkene 

group. Further hydrogenation of the carbonyl group of PFAc=O and PHAH (PFAc=O analogue 

for HAH) proceeded with comparable barriers of ca. 40 kJ mol-1. Despite minor discrepancies, the 

batch-calculated kinetic parameters for FAc hydrogenation were in close agreement with those 

determined for HAH.  
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Table 1. Apparent activation energies (Eapp) calculated from fitting the reaction kinetics model to the 
experimental reaction kinetics data for the proposed steps of FAc hydrogenation (T = 313-393 K (40-
120°C), PH2 = 55 bar, CFAc = 56 mM in 2-propanol) over Cu/γ-Al2O3. Reaction steps are numbered according 
to Scheme 1. Values shown outside parenthesis are reported in units of eV, whereas values shown inside 
parentheses are reported in units of kJ mol-1. Entries with “-“ indicate a reaction that was not observed from 
GC-FID analysis. PFAc stands for partially hydrogenated FAc. FFAc stands for fully hydrogenated FAc; 
Carbonyl and hydroxyl groups in PFAc are abbreviated to =O and -OH, respectively. 

 Apparent Activation Barrier, Eapp [eV (kJ mol-1)] 

Step FAc Continuous Flow FAc Batch HAH Batcha 

1 FAc → PFAc=O 0.58 ± 0.12 (56 ± 11) 0.61 ± 0.30 (59 ± 29) 
0.45 ± 0.15 (43 ± 14)b 

0.60 ± 0.27 (58 ± 26)c 

2a PFAc=O → PFAc-OH 0.43 ± 0.21 (42 ± 20) 0.37 ± 0.22 (35 ± 22)  0.42 ± 0.27 (41 ± 26) 

2b PFAc=O → FFAc=O - - - 

3a PFAc-OH → FFAc-OH - - - 

3b FFAc=O → FFAc-OH - - - 

aFrom Ref. 7 

bHydrogenation of the first HAH aliphatic double bond  

cHydrogenation of the second HAH aliphatic double bond  

 

2 Continuous Flow Experiments: Reaction Orders and Apparent Activation Energies 

With FAc identified as a suitable surrogate molecule to model HAH hydrogenation, a more 

detailed reaction kinetics study was conducted for the Cu/γ-Al2O3 catalyst using a continuous flow 

reactor system, allowing for the equilibration of species adsorption and desorption on surface 

active sites at steady-state. This approach enables an assessment of intrinsic reaction kinetics 

without interference from mass transfer effects.7 Flow experiments were performed under similar 

conditions to the batch reactions between 313-393 K (40-120°C). For all experiments, FAc was 

dissolved in 2-propanol and FAc conversion was maintained below 20% to measure turnover 

frequencies (TOFs). Reaction kinetics parameters were derived from steady-state concentrations 

according to the reaction scheme shown in Scheme 1. Concentration profiles from these 

continuous flow experiments are shown in Figure 3, with derived reaction kinetics parameters 

shown in Figure 4 and Table 1. 
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Figure 3. Concentration profiles for FAc hydrogenation over (A) 150 mg of 5 wt.% Cu/γ-Al2O3 at 313 K 
(40°C), (B) 65 mg of 5 wt.% Cu/γ-Al2O3 at 333 K (60°C), (C) 35 mg of 5 wt.% Cu/γ-Al2O3 at 363 K (90°C), 
and (D) 10 mg of 5 wt.% Cu/γ-Al2O3 at 393 K (120°C). Only data points after the initial product sample are 
shown. A gas H2 flowrate of 25 mL min-1 was used along with a 56 mM FAc in 2-propanol liquid feed flowrate 
of (A) 0.25 mL min-1, (B) 0.5 mL min-1, or (C-D) 2.0 mL min-1. PFAc stands for partially hydrogenated FAc; 
Carbonyl and hydroxyl groups in PFAc are abbreviated to =O and -OH, respectively. 

 

From our continuous flow experiments, hydrogenation of the aliphatic double bond of FAc to 

produce PFAc=O proceeded with an activation energy of 0.58 ± 0.12 eV (56 ± 11 kJ mol-1) (Figure 

3(A)), which is comparable to the value of Eapp derived from our batch FAc experiments and for 

batch HAH aliphatic double bond hydrogenation (Table 1).7 Once formed, the PFAc=O carbonyl 

group hydrogenated to form PFAc-OH with an activation energy barrier of 0.43 ± 0.21 eV (42 ± 

20 kJ mol-1) (Figure 3(C)),  the value of which is in agreement with the apparent activation barriers 

derived from batch FAc and HAH hydrogenation experiments.7 As flow systems are more reliable 

for extracting reaction kinetics parameters, we focus the remainder of our discussion and 

theoretical studies on the results derived from continuous flow experiments. 
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Figure 4. Arrhenius plots for FAc hydrogenation turnover frequencies (TOFs) from reaction kinetics 
modeling over 5 wt.% Cu/γ-Al2O3 for (A) a lumped consumption rate of FAc, (B) a lumped 
production/consumption rate of PFAc=O, and (C) the consumption rate of PFAc=O to produce PFAc-OH 
(step 2a in Scheme 1 of the main text). The temperature was varied between 313–393 K. An initial 
concentration of 56 mM FAc 2-propanol was used. For all experiments, the reactor was heated to the 
reaction temperature and loaded with 55 bar H2. Data points (black) and error bars represent the mean 
TOF and standard error obtained from a set of triplicate experiments, respectively. (D-E) The effect of FAc 
concentration and H2 partial pressure on the FAc hydrogenation TOF. Reaction orders were calculated as 
a lumped order derived from the rate of FAc consumption. The H2 partial pressure was varied between 28-
76 bar (400-1100 psi) for a FAc concentration of 56 mM FA in 2-propoanol. The FAc concentration was 
varied from 2.7-10.9 mM at a H2 partial pressure of 55 bar (800 psi). All experiments were performed at 
333 K. Error bars (blue) represent expected standard errors calculated as the mean standard error from 
the set of triplicate experiments in (A) performed at 333 K. 
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The reaction orders for FAc and H2 were determined by varying the concentration of FAc in 2-

propanol and the H2 partial pressure. Figure 4(D-E) shows FAc and H2 orders of approximately 

one, indicating first-order dependence on the rate of FAc hydrogenation. These results agree with 

reaction orders derived for HAH hydrogenation over Cu/γ-Al2O3, which were reported as near 

unity under similar experimental conditions in batch systems.7 Regarding product selectivity, furan 

ring hydrogenation of FAc to produce FFAc=O or FFAc-OH was not observed under our reaction 

conditions (Figure 3).7 

 

In summary, we derived reaction kinetics parameters and reaction orders for FAc hydrogenation 

using a continuous flow reactor. Qualitatively, batch experiments indicate that FAc is an 

appropriate surrogate for modeling HAH hydrogenation kinetics over Cu/γ-Al2O3 catalysts, given 

a two-step consecutive hydrogenation scheme similar to HAH. Finally, close agreement between 

the batch-calculated apparent activation barriers for FAc and HAH hydrogenation further implies 

that FAc is appropriate for modeling the reactivity of HAH on Cu catalysts. 

 

3 Density Functional Theory Calculations 

DFT calculations (see Methods) were performed to model the hydrogenation of FAc over a 

Cu(111) surface. Cu(111) is the most stable Cu crystal facet and is expected to be the dominant 

facet present in our Cu/γ-Al2O3 catalyst used in our experiments.13 To maintain computational 

feasibility, the studied hydrogenation network was primarily focused on FAc and hydrogenated 

products observed in our experiments (PFAc=O and PFAc-OH). Moreover, despite not being 

observed experimentally, we also considered furan hydrogenation steps for FAc and PFAc=O to 

elucidate the unique hydrogenation behavior observed over Cu, in which no hydrogenation of the 

furan ring occurs. In total, a series of 17 elementary reaction steps involving 11 FAc-derived 

surface intermediates and 4 gas-phase species (FAc, PFAc=O, PFAc-OH, and H2) were 

considered.14,15 Because these calculations were aimed only at highlighting differences in the 

kinetic barriers of competing hydrogenation reaction steps, adsorbate coverage was limited at the 

dilute limit with a single adsorbed species per surface unit cell (1/16 monolayers (ML) = 0.0625 

ML). 

 

We first considered the adsorption of FAc on Cu(111). Minimum energy adsorption modes for 

FAc, as well as for PFAc=O and PFAc-OH, are shown in Figure 5(A). In its most stable adsorption 

state, FAc binds to the Cu(111) through the carbonyl O atom (ΔGads = -0.27 eV at T = 333 K and 

PFAc = 4.4 × 10-7 bar) and with the plane of its furan ring 2.75 Å above the nearest Cu surface 
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atom. A charge density difference plot in Figure 5(B) depicting the change in electron density 

following FAc adsorption to Cu(111) reveals minor perturbations in the electron density between 

the furan ring and Cu surface atoms. This behavior suggests that the furan ring has weak 

interactions with the Cu(111) surface. Indeed, using the same PBE-D3 exchange correlation 

functional, Liu et al. reported that furan-containing compounds such as furfural, bind weakly to Cu 

surfaces at 400 K (ΔGads = ca. -0.3 eV) compared to other transition metals such as Ni (ΔGads = 

ca. -1.2 eV), Ru (ΔGads = ca. -1.8 eV), Rh (ΔGads = ca. -1.6 eV), Pd (ΔGads = ca. -1.1 eV), and Pt 

(ΔGads = ca. -1.2 eV).16 Over stronger binding surfaces with d-band centers closer to the Fermi 

level,17 furan ring C-C bonds may rehybridize from sp2 to sp3.18 Such rehybridization prompts the 

furan oxygen to move away from the metal surface, allowing for a nearly flat adsorption mode 

with furan carbon atoms closely interacting with metal surface sites.18 As seen in Figure 5, this 

rehybridization is not observed on Cu(111). The strength of interaction between the furan ring and 

the metal surface has important ramifications on the ability of the surface to hydrogenate the furan 

ring. Regarding the adsorption of hydrogenated intermediates and products, PFAc=O and PFAc-

OH bind in planar configurations to Cu(111), with the furan rings distanced 2.88 and 2.79 Å from 

Cu surface atoms, respectively. Carbonyl binding to the Cu surface is disrupted for PFAc=O and 

PFAc-OH, with adsorption dominated by dispersion interactions. The weak interaction of the OH 

group in PFAc-OH with the Cu(111) surface may rationalize why the furan hydroxymethyl group, 

lacking in the surrogate FAc molecule, does not affect the hydrogenation pathway of the latter 

when compared to that of HAH. 
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Figure 5. (A) Calculated minimum energy adsorption modes for 1/16 ML of FAc, PFAc=O, and PFAc-OH 
on pristine Cu(111). Adsorption free energies on Cu(111) (T = 333 K; PFAc = 4.4 × 10-7 bar) are shown below 
slab side views. Top and side views of each slab are shown for each adsorbate. (B) Charge density 
difference plots showing side and top views for the change in electron density of FAc upon adsorption to 
Cu(111). Red isosurfaces represent regions of charge accumulation whereas green isosurfaces represent 
regions of charge depletion. Isosurfaces are plotted as 0.0025 e-/Å3. The following color scheme was 
adopted for the atoms shown: H - blue, C - black, O - red, and Cu - bronze. 
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While the adsorption modes shown in Figure 5(A) were calculated for pristine Cu(111), previous 

experimental studies have shown 0.5 ML saturation coverages for hydrogen adsorption on 

Cu(111),19 Cu(100),19 and Cu(110).20,21 These coverages agree with our theoretical predictions 

for hydrogen coverage on Cu(111) under FAc hydrogenation conditions (Figure S5(A)). To assess 

the effects of hydrogen surface coverage, we further considered FAc, PFAc=O, and PFAc-OH 

binding to Cu(111) decorated with 0.5 ML H* in Figure S5(B). Similar to FAc adsorption on pristine 

Cu(111), FAc in its minimum energy adsorption mode remains bound atop the 0.5 ML H*-

decorated Cu(111) surface through the carbonyl oxygen atom, with weak interactions between 

the furan ring and surface-bound hydrogen (Figure S6). The minimum energy adsorption modes 

of PFAc=O and PFAc-OH the 0.5 ML H*-decorated Cu(111) surface closely resemble those on 

the pristine Cu(111). Finally, the distance between the oxygen atom in the C=O group in FAc, 

PFAc=O, and PFAc-OH and the nearest Cu atom in the surface remains similar between the 

pristine and 0.5 ML H* coverage models, changing by between 0.09 and 0.16 Å for the two H* 

coverages (Table 2). Therefore, to a first approximation, we assume here that the minimum 

energy pathways for elementary FAc hydrogenation steps between the two coverage models are 

very similar. Accordingly, and for simplicity, we limit the following discussion to hydrogenation 

steps over the pristine Cu(111). 

 

Table 2. Calculated CO-Cu bond lengths of FAc, PFAc=O, and PFAc-OH on pristine and 0.5 ML H*-
decorated Cu(111). CO-Cu bond lengths are given by the distance of the closest Cu atom to the oxygen in 
the C=O group.  

Species 
C=O-Cu Bond Length [Å] 

Pristine 0.5 ML H* 

FAc 2.25 2.41 

PFAc=O 3.18 3.34 

PFAc-OH 3.17 3.08 

 

Next, we considered the hydrogenation of FAc through the calculated Gibbs free energy surface 

shown in Figure 6 at T = 333 K (60°C), PH2 = 55 bar (800 psi), and PFAc = 4.4 × 10-7 bar (6.4 × 10-

6 psi), which represent the experimental HAH hydrogenation conditions. DFT-calculated activation 

energy barriers and reaction energies are overlayed on the reaction network shown in Scheme 2. 

Optimized structures of all initial states, transition states, and final states used to determine FAc 

hydrogenation barriers are shown in Supporting Information Figures S7-S9. The hydrogenation 

of the aliphatic double bond of FAc through its favored C4 carbon closest to the furan ring (black 

line) possesses a lower activation energy barrier (Ga = 0.57 eV for FAc* + H* → PFAc=O-int-C4* 
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+ *) than either furan ring hydrogenation (pink line; Ga = 0.66 eV; FAc* + H* → FAc-furan-int-C1* 

+ *) or carbonyl hydrogenation (blue line; Ga = 0.58 eV; FAc* + H* → FAc-carbonyl-int-OH* + *). 

This result indicates that the aliphatic double bond of FAc and the carbonyl group are more likely 

to hydrogenate before the furan group. We note as a proxy for full hydrogenation of the furan ring, 

we limited our analysis to the addition of only the first hydrogen atom to the furan ring. Although 

additional reaction steps are required for full furan ring hydrogenation, we do not expect these 

additional steps to alter any conclusions over the Cu(111) surface. Over surfaces where furan 

ring hydrogenation is observed, such as Pd(111), the initial hydrogenation of furan rings in the α 

position to the ring oxygen (Ea = 1.22 eV; GGA-PBE-D3) , which closely resembles the geometry 

and bonding of our partially hydrogenated FAc species formed following TS-1 (FAc-furan-int-C1), 

was considerably more difficult than the second hydrogen addition step (Ea = 0.67 eV).22  

 

Following the addition of the first hydrogen atom to the aliphatic double bond of FAc, addition of 

the second hydrogen atom to fully hydrogenate the aliphatic double bond and form PFAc=O is 

easier than the first H* addition (Ga = 0.27 eV for PFAc=O-int-C4* + H* → PFAc=O* + *). 

Regarding the competition between the aliphatic double bond (Ga = 0.57 eV for FAc* + H* → 

PFAc=O-int-C4* + *) and carbonyl (Ga = 0.58 eV for FAc* + H* → FAc-carbonyl-int-OH* + *) 

hydrogenation steps, we determined that carbonyl hydrogenation is significantly more endergonic 

(ΔGrxn = 0.44 eV) than hydrogenation of the aliphatic double bond (ΔGrxn = 0.27 eV for FAc* + H* 

→ PFAc=O-int-C4* + *). Notably, the barrier associated with carbonyl hydrogenation of FAc (Ga 

= 0.58 eV) is similar to that for hydrogenation of the aliphatic double bond (Ga = 0.57 eV). 

However, further hydrogenation of FAc-carbonyl-int-OH (Ga = 0.39 eV for FAc-carbonyl-int-OH* 

+ H* → FAc-carbonyl-OH* + *) possesses a larger kinetic barrier than the reverse step (Ga = 0.14 

eV for FAc-carbonyl-int-OH* + * → FAc* + H*). Further, we also considered complete 1,4-

hydrogenation of FAc, whereby an enol (PFAc-OH-C4) is formed in which the double bond is 

shifted to include the carbonyl carbon. The activation barriers for the 1,4-hydrogenation of FAc, 

proceeding through PFAc=O-int-C4 (Ga = 0.85 eV) or FAc-carbonyl-int-OH (Ga = 0.33 eV) were 

found to be significantly higher compared to the hydrogenation of PFAc=O-int-C4 to produce 

PFAc=O (Ga = 0.27 eV) or the dehydrogenation of FAc-carbonyl-int-OH to FAc (Ga = 0.14 eV). 

The 1,4-hydrogenation events discussed above are illustrated in Scheme 2 along with more 

detailed Gibbs free energy diagrams in Figure S10. Finally, we considered the keto-enol 

tautomerization of FAc-carbonyl-int-OH*, whereby the hydrogen on the carbonyl oxygen atom is 

transferred to neighboring carbon atoms in the aliphatic double bond. The activation barriers for 

these steps were also found to be prohibitively large (Figure S10). Although not directly 
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considered in this work, solvent-mediated mechanisms may facilitate keto-enol tautomerization 

steps.23 Consequently, we expect the primary reaction flux to proceed through hydrogenation of 

the aliphatic double bond, which is consistent with our experimental observations. 

 

 

Figure 6. Calculated Gibbs free energy diagram (T = 333 K; PH2 = 55 bar; PFAc = 4.4 × 10-7 bar) for FAc 
hydrogenation over a pristine Cu(111) surface. Black and gray lines denote the hydrogenation pathways 
proceeding first through hydrogenation of the aliphatic double bond of FAc (observed experimentally), 
whereas blue and pink lines denote alternative pathways resulting in carbonyl hydrogenation and furan ring 
hydrogenation (not observed experimentally), respectively. Barriers for select transition states (TS) are 
included along with schematics of chemical structures for gas-phase species. Asterisks (*) denote surface-
bound species. PFAc stands for partially hydrogenated FAc; Carbonyl and hydroxyl groups in PFAc are 
abbreviated to =O and -OH, respectively. Species labeled with “-int-“ in their name denote open-shell, 
surface-bound intermediate species. 
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Scheme 2. Reaction network for the elementary FAc hydrogenation steps studied over pristine Cu(111). 
Calculated activation energy barriers and reaction energies under experimental reaction conditions (T = 
333 K; PH2 = 55 bar; PFAc = 4.4 × 10-7 bar) are shown above arrows. Values outside parentheses denote 
the calculated activation energy barrier (Ga) and values inside parentheses denote the calculated reaction 

energy (ΔGrxn). All energies are reported in units of eV. Species labeled with “-int-“ in their name denote 

open-shell, surface-bound intermediate species. 

 

We next address the hydrogenation of PFAc=O. We find that the hydrogenation of the carbonyl 

group (Ga = 0.71 eV; PFAc=O* + H* → PFAc=O-int-CH* +) is slightly more difficult than previous 

hydrogenation steps for the aliphatic double bond (Ga = 0.57 eV for FAc* + H* → PFAc=O-int-C4* 

+ *). Hydrogenation of the C=O bond through hydrogen addition to C and O atoms proceeds with 

activation energy barriers of 0.71 eV and 1.04 eV, respectively, implying that PFAc=O 

hydrogenation is likely to initiate through the carbonyl C atom (PFAc=O-int-CH). We again find 

that furan ring hydrogenation (Ga = 1.06 eV; PFAc=O* + H* → PFAc=O-furan-int-C2* + *) is more 

difficult than other PFAc=O hydrogenation steps. Finally, we note that desorption of adsorbed 



17 
 

PFAc=O (ΔGrxn = 0.33 eV) is considerably easier than further hydrogenation of PFAc=O to 

produce PFAc-OH, suggesting that FAc hydrogenation largely terminates with the formation of 

PFAc=O under the studied reaction conditions. As discussed below, this is in agreement with our 

experimental findings. 

 

Based on our DFT predictions, we find that the lowest energy pathway for conversion of FAc 

would involve the hydrogenation of FAc to form PFAc=O followed by PFAc-OH formation, which 

is consistent with the 2-step scheme we derived from batch reactor experiments. Additionally, our 

calculations indicate that furan ring hydrogenation is unfavorable over the Cu(111) surface. This 

prediction is consistent with experimental observations over Cu/γ-Al2O3, where no hydrogenation 

of the furan ring was observed. Our DFT results also predict more facile desorption of PFAc=O 

as opposed to further hydrogenation to PFAc-OH. This result agrees with experimental 

observations during our continuous flow experiments (Figure 3), in which the major species 

produced was PFAc=O, with low recorded steady-state PFAc-OH concentrations. In our high-

conversion batch experiments (Figure 2), however, we observed complete hydrogenation to 

PFAc-OH. This result is expected given calculated barriers for PFAc=O hydrogenation to PFAc-

OH of approximately 0.7 eV, which should be thermally accessible at the experimental reaction 

temperatures (313-393 K). 

 

Using insights from our DFT calculations, we can understand the unique hydrogenation behavior 

of FAc/HAH over the Cu/γ-Al2O3 catalyst. Specifically, our DFT calculations suggest that weak 

interactions between the furan ring and Cu(111) are responsible for the lack of observed furan 

ring hydrogenation. From our continuous flow experiments, we derived an apparent activation 

energy of 0.58 ± 0.12 eV. In agreement, our DFT energetics indicate the largest activation energy 

barrier associated with FAc consumption was 0.57 eV. The highest calculated barrier for PFAc=O 

hydrogenation to form PFAc-OH (Ga = 0.74 eV for PFAc=O-int-CH* + H* → PFAc-OH* + *) was 

in modest agreement with the experimentally recorded activation energy barrier for PFAc-OH 

production of 0.43 ± 0.21 eV, with the discrepancy within the limit of DFT error.24 A more detailed 

analysis of the reaction mechanism would require (i) explicit studies of the thermochemistry and 

kinetics of the hydrogenation steps discussed here as a function of surface coverages, including 

the H-decorated Cu(111) model discussed earlier, and (ii) considering different types of active 

sites, such as step edges, kinks, Cu-adclusters.25 
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Conclusions 

We combined reaction kinetics experiments with DFT calculations to identify furfural acetone 

(FAc) as a suitable surrogate molecule for describing HMF-acetone-HMF (HAH) hydrogenation 

over a Cu catalyst. Through batch reaction kinetics experiments, we observed that FAc 

hydrogenation proceeds through a consecutive 2-step hydrogenation scheme similar to that of 

HAH hydrogenation, and that the furan ring does not undergo hydrogenation. Using a continuous 

flow reactor, we derived reaction kinetics parameters and reaction orders for FAc and H2 (nearly 

one for both species). We observed that the hydrogenation of the aliphatic double bond and 

carbonyl group of FAc proceeded with apparent activation barriers of 0.58 eV and 0.43 eV, 

respectively, which are consistent with values obtained for HAH. With FAc identified as a suitable 

probe species for modeling HAH hydrogenation over Cu, we performed DFT calculations for the 

hydrogenation of FAc over Cu(111). Our computational predictions show that the hydrogenation 

of the aliphatic double bond of FAc is easier than furan ring hydrogenation. In agreement with the 

experimentally measured apparent activation barrier for PFAc=O production, we calculated a 

barrier for the first elementary hydrogenation step of the FAc aliphatic double bond of 0.57 eV. 

Further, desorption of partially hydrogenated carbonyl-containing FAc (PFAc=O) is energetically 

favored over continued hydrogenation of the carbonyl group, which explains the low yields of 

partially hydrogenated hydroxyl-containing FAc (PFAc-OH) obtained in our low-conversion 

continuous flow experiments. These insights may assist in the rational design of improved 

transition metal catalysts for the hydrogenation of complex organic compounds containing both 

aliphatic and aromatic double bonds. 

Methods  

Materials 

Furfural acetone (98%, TCI America), 2-propanol (HPLC grade, Sigma-Aldrich), low soda gamma 

alumina (γ-Al2O3), 5 wt% Cu/γ-Al2O3 (Riogen), 18 MOhm Milli-Q water, H2 (Industrial, Airgas), and 

Ar (Industrial, Airgas) were used as received. All batch reactions were carried out in a 45 mL Parr 

reactor (Parr Instrument Company) equipped with a dip tube for sampling during the reaction.  

Catalyst Characterization 

Pulse N2O titration of the Cu/γ-Al2O3 catalyst was performed using a Micromeritics AutoChem 

2920 at 365 K. N2O consumption was monitored using a Cirrus 3 (Micromeritics) mass 
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spectrometer. A 2:1 stoichiometric ratio of Cu sites per N2O molecule was assumed for estimating 

the number of active sites (91.9 μmol Cu/gcat), the dispersion (11.7%), and the average particle 

diameter (8.9 nm) of the Cu/γ-Al2O3 catalyst. 

Reaction Kinetic Studies over Cu Catalyst 

Reactivity experiments were carried out in a 45 mL Parr batch reactor equipped with a dip tube 

for sampling. The Cu catalyst was reduced prior to the reaction at 573 K for 1 hour, with 3 K min-

1 heating rates. A longer reduction for 5 hours at 573 K did not result in a significant difference in 

the obtained turnover frequencies. Reductions were performed by adding the catalyst to the batch 

reactor and purging with Ar to 30 bar twice and then purging with H2 three times to 30 bar. The 

reactor was then filled with H2 to 30 bar and heated to the reduction temperature at a rate of 3 K 

min-1. Following reduction, the reactor was depressurized to slightly above atmospheric pressure. 

For all catalyst studies, 229 mg of furfural acetone (FAc) was dissolved in 30 mL of 2-propanol 

(56 mM) and fed into the Parr reactor using an HPLC pump. The reactor was then purged twice 

with 30 bar Ar and three times with 30 bar H2. The reactor was then pressurized to 30 bar H2 and 

heated to the desired reaction temperature at a heating rate of 3 K min-1. The reactor was held at 

the reaction temperature and samples were taken with the dip tube. H2 was replenished after 

sampling to maintain the reaction pressure.  A pressure drop of 1-2 bar was observed after every 

two samples. Product samples were filtered with 0.2 µm polytetrafluoroethylene (PTFE) filters and 

analyzed by GC-FID. 1H, 13C, and HSQC NMR were implemented for samples that contained only 

one or two major products for the identification of molar ratios. 

Reaction kinetics experiments in a continuous flow setup were also performed for 5 wt% Cu/γ-

Al2O3 (Riogen) catalyst. A stainless-steel reactor with a 0.25-inch outer diameter (OD) operated 

in the fixed-bed up-flow configuration shown in Figure S4 was used. The catalyst was mixed with 

alpha alumina (STREM Chemical 99.5+%, mesh = 24-28) for a total mass of 500 mg. The catalyst 

mixture was immobilized by placing quartz wool on the top and bottom of the catalyst bed as well 

as a bed of silica chips (Sigma-Aldrich 99.9%, mesh 18-25). Reaction kinetics experiments were 

conducted with furfural acetone (FAc) diluted in 2-propanol (0.028 M - 0.1 M). The alpha alumina 

diluent and silica chips were chosen as they are inert for this reaction, and we find that no reaction 

occurs if we flow 1 M FAc in 2-propanol. The catalyst was reduced in situ at 573 K (300C) in 

100% H2 for 1 hour (3 K min-1) and cooled in H2 to the reaction temperature. Similar conditions 

were used for reaction experiments performed in the batch reactors with reaction temperatures 

ranging from 313 K (40C) to 393 K (120C). The total pressure of 55 bar (800 psi) was used for 
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all experiments with a gas flow rate of 25 mL min-1. The FAc in 2-propanol solution was controlled 

using an HPLC pump (Lab Alliance Series I) with a flow rate of 0.5 mL min-1 to 2.0 mL min-1.  

GC-FID Analysis of Hydrogenated Products 

A gas chromatography (GC, Shimadzu GC-2010) equipped with a flame-ionizing detector (FID) 

and a Zebron ZB-50 column (ZB Inferno, Phenomenex, part no. 7HG-G00411) was used to 

quantify monomer species. All samples were filtered with 0.2 µm PTFE syringe filters prior to 

injection into the GC-FID. 

NMR Characterization of Monomers 

Product mixtures were collected from the Parr reactor, filtered with 0.2 um PTFE filters, and the 

solvent was evaporated. 1H and 13C nuclear magnetic resonance (NMR) spectra were obtained 

using a Bruker Avance-500 spectrometer. 1H spectra (Figures S1-S3) were referenced to 

tetramethylsilane (TMS) at δ = 0 ppm and all other spectra used absolute referencing. 

Reaction Kinetics Model 

A reaction kinetics model was used to extract the reaction rate constants for each kinetic 

experiment. The reaction scheme illustrated in Scheme 1 detailing the sequential hydrogenation 

of FAc was used to generate the following rate equations: 

 

 𝑟FAc  = −𝑘1[FAc] (1) 

 

 𝑟PFAc=O  = 𝑘1[FAc]  −  𝑘2[PFAc = O] (2) 

 

 𝑟PFAc−OH  =  𝑘2[PFAc = O] (3) 

 

where 𝒓𝐢 is the rate of consumption of species i, [i] is the concentration of species i, and 𝑘i is the 

apparent rate constant for step i. The model was fitted to the experimental data by optimizing the 

rate constants using the non-linear least squares solver (lsqnonlin function) in MATLAB, and 90% 

confidence intervals were calculated using the nlparci function. Based on HAH hydrogenation 

results,7 FAc hydrogenation was assumed to be first order with respect to H2 partial pressure. 
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This pressure dependence is included in the rate constants as the reaction was held at a constant 

pressure of 55 bar H2 for all kinetic studies in which kinetic modeling was performed. Steady-state 

concentrations were used for all kinetic parameter fitting and were taken as the average of three 

points for all flow reactions. A similar kinetic model was employed previously for HAH 

hydrogenation over transition metal catalysts.7 

Density Functional Theory (DFT) Calculations 

Density functional theory (DFT) calculations were performed using the PBE functional14 with D3 

dispersion corrections15, as implemented in the Vienna Ab initio Simulation Package (VASP).26,27 

Plane waves were expanded to 400 eV and core electrons were approximated using projector-

augmented wave (PAW)28,29 potentials. Structures were converged until total energies were within 

10-6 eV and forces were below 0.02 eV/Å. The Cu lattice constant was calculated to be 3.564 Å, 

which is in good agreement with the experimentally reported lattice constant of 3.615 Å.30 The 

Cu(111) surface was modeled using a (4×4) slab comprised of four layers, in which the bottom 

two layers were fixed at their bulk lattice spacing. The electrostatic potential was adjusted to 

account for adsorption on only one side of the metal slab.31,32 A vacuum layer of 20 Å was used 

to separate periodic images. A (6×6×1) Monkhorst-Pack k-point mesh33 was used for all 

calculations. All structures were visualized using VESTA.34 

 

Adsorption energies (Δ𝐸ads) were calculated as, 

 

 Δ𝐸ads,i = 𝐸i  − 𝐸Cu(111)  −  𝐸𝑖
gas

 (4) 

 

where Δ𝐸ads,i is the adsorption energy of species i, 𝐸i is the electronic energy of the Cu(111) slab 

with adsorbed species i, 𝐸Cu(111) is the electronic energy of the pristine Cu(111) slab, and 𝐸𝑖
gas

 is 

the electronic energy of species i in the gas phase. Similarly, adsorption free energies (Δ𝐺ads,) 

were calculated using Equation 5, 

 

 Δ𝐺ads,i = 𝐸ads,i  +  ΔZPE + ∫ 𝐶𝑃,𝑖𝑑𝑇
𝑇

0
 −  𝑇Δ𝑆°  +  𝑅𝑇ln(

𝑃𝑖
𝑃°⁄ )    (5) 
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where Δ𝐺ads,i is the adsorption free energy of species i, ΔZPE is the zero-point energy correction, 

𝐶𝑃,𝑖 is the constant pressure heat capacity of species i, Δ𝑆° is the entropic correction, and 𝑇 is the 

reaction temperature, 333 K (60°C). 𝑃𝑖 and 𝑃° are the partial pressures of species i at 333 K and 

1 bar, respectively. The partial pressure of FAc was calculated for a 56 mM FAc feed solution 

containing 229 mg of FAc and 30 mL IPA assuming ideal solution behavior. The partial pressures 

of PFAc=O and PFAc-OH were assumed identical to that of FAc. The enthalpic and entropic 

contributions to gas-phase species were calculated under the three-dimensional ideal-gas 

approximation, while surface contributions were calculated under the harmonic oscillator 

approximation. Numerical differentiation of the mass-weighted Hessian matrix was performed 

using a second-order finite difference approach with an ionic displacement of 0.015 Å. 

Transition states used to evaluate the activation energy barriers for FAc hydrogenation were 

determined using the climbing-image nudged elastic band (CI-NEB) method in combination with 

the dimer method developed by Henkelman and co-workers.35,36 CI-NEB calculations included 

seven intermediate images between the initial and final reaction states. Transition state saddle 

points were verified through a vibrational analysis yielding a single imaginary frequency in the 

direction of the reaction coordinate. Activation energy barriers (𝐸a or 𝐺a for electronic and Gibbs 

free energies, respectively) were calculated using Equations 6-7, 

 

 𝐸a = 𝐸TS  − 𝐸IS (6) 

 

 𝐺a = 𝐺TS  −  𝐺IS (7) 

 

where 𝐸TS (𝐺TS) is the electronic (Gibbs free) energy at the transition state (TS) and 𝐸IS (𝐺IS) is 

the electronic (Gibbs free) energy of the initial state (IS). 
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