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Abstract

:

One of the central questions of humankind is: which chemical and physical conditions are necessary to make life possible? In this “origin-of-life” context, formamide plays an important role, because it has been demonstrated that prebiotic molecules can be synthesized from concentrated formamide solutions. Recently, it could be shown, using finite-element calculations combining thermophoresis and convection processes in hydrothermal pores, that sufficiently high formamide concentrations could be accumulated to form prebiotic molecules (Niether et al. (2016)). Depending on the initial formamide concentration, the aspect ratio of the pores, and the ambient temperature, formamide concentrations up to 85 wt % could be reached. The stationary calculations show an effective accumulation, only if the aspect ratio is above a certain threshold, and the corresponding transient studies display a sudden increase of the accumulation after a certain time. Neither of the observations were explained. In this work, we derive a simple heuristic model, which explains both phenomena. The physical idea of the approach is a comparison of the time to reach the top of the pore with the time to cross from the convective upstream towards the convective downstream. If the time to reach the top of the pore is shorter than the crossing time, the formamide molecules are flushed out of the pore. If the time is long enough, the formamide molecules can reach the downstream and accumulate at the bottom of the pore. Analysing the optimal aspect ratio as function of concentration, we find that, at a weight fraction of    w = 0 . 5   , a minimal pore height is required for effective accumulation. At the same concentration, the transient calculations show a maximum of the accumulation rate.
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1. Introduction


One of the main issues about the origin of life is the question how organic material could have accumulated in the primordial ocean to reach high enough concentrations so that reactions towards larger, more complex molecules outweigh hydrolysis. For the formation of ribonucleic acid (RNA) from nucleotides, an active transport mechanism in a temperature gradient has been suggested to reach high concentrations of these prebiotic molecules [1]. The investigated accumulation process results from a combination of convection and thermophoresis inside a pore with an asymmetrical temperature profile. A probable setting for such systems in great number are porous minerals which are heated by hydrothermal vents from one side and cooled by the ocean from the other.



In our earlier paper [2], we posed the question whether the reaction from simple, anorganically formed molecules, such as hydrogen cyanide and formamide (FA), into the building blocks of RNA could be promoted by the same accumulation mechanism. Formamide has been discussed as an educt for the formation of prebiotic molecules for almost 50 years [3,4,5,6,7,8]. Saladino et al. synthesized all nucleobases from concentrated aqueous FA solutions [5]. In our previous work, we measured the thermophoretic properties of FA in water as a function of temperature and concentration and used these data to conduct finite element calculations. We investigated how the distribution of FA in water develops as function of time in hydrothermal pores, which underlie a temperature gradient. In pores with sufficiently large aspect ratios, we found a very high FA concentration in the order of 85 wt %, which can be reached even with very small initial concentrations, as low as    10  - 7     wt %, if the time for accumulation is long enough. In a previous study, restricted to the dilute regime, Baaske et al. [1] found an exponential rise of the accumulation as function of the aspect ratio of the pore. In their study, they used the approximation    ω ( 1 - ω ) ≈ ω   . Using the full expression, we identified three regimes of the accumulation fold: a weak exponential growth at low aspect ratios, a sharp rise in the intermediate range, and finally, a saturation of the accumulation fold at large aspect ratios. Independent of the initial concentration, these three regimes could always be identified, if it was possible to reach the high aspect ratios. Due to numerical instabilities this was not always the case, if the diffusion was too fast or the Soret coefficient too low. The focus of this work is to expand on our previous paper by additional time-dependent simulations and a heuristic model that explains the strong dependence of the accumulation on pore geometry as well as its progression with time.



Thermophoresis, also known as thermodiffusion or Ludwig-Soret effect, is the mass diffusion of particles or molecules induced by a temperature gradient [9]. Several theoretical approaches exist to describe thermodiffusion of polymer solutions, colloidal suspensions, and other liquid mixtures [10,11,12,13]. A good overview on the physics of the effect is given by the recent reviews by Würger [11] and by Köhler and Morozov [13], highlighting theoretical and experimental aspects of the phenomena for colloids and non-polar liquid mixtures, respectively. Further, simulations have been performed to investigate attractive and repulsive interactions between charged and uncharged colloidal particles [14,15] or to study the influence of chain length and stiffness of polymers [16]. For aqueous low molecular weight mixtures, specific interactions and the addition of salt have been investigated [17,18]. The influence of interfacial effects on the thermophoresis have been studied systematically using microemulsions [19], but it turned out that it was not possible to describe the experimental results by using existing theories [19,20]. The best agreement between experiment and theoretical concepts are found for charged spherical and rod-like colloids [21,22,23], but when interfacial effects like the coverage by surfactants play a role, existing theoretical concepts fail [24]. For polar liquid mixtures, such as aqueous FA solutions, there is so far no microscopic theory to describe thermophoresis. In a binary fluid mixture the mass flux in a temperature gradient can be expressed as


    j →  = - D  ∇ →  w - w   1 - w    D T   ∇ →  T  ,   



(1)




with contributions from the thermodiffusion along the temperature gradient    ∼ -  D T    ∇ →  T    and from the Fickian diffusion along the resulting concentration gradient    D  ∇ →  w   . For a stationary temperature gradient, the Fickian diffusions balances after some time the thermodiffusion and a steady state is reached. This defines the Soret coefficient     S T  =  D T  / D   , which is also a measure for the resulting concentration gradient, if a certain temperature gradient is applied. Generally, the magnitude of the Soret coefficient becomes larger, if the diffusion slows down. This implies that for slow diffusing molecules or particles smaller gradients are required to obtain the same concentration difference. Aqueous systems are of special interest due to their relevance in biotechnology. While charge contributions to the thermophoresis of solute molecules are well understood, the influence of contributions by the hydration layer are still unclear. It is known that the breaking of hydrogen bonds due to the surrounding solvent increases the Soret coefficient    S T    of the solute molecules. To induce a breakage of hydrogen bonds, one can add an ingredient with a strong affinity to water [25] or the bonds can be disrupted by increasing the temperature [26]. This leads to a temperature dependence of    S T    that is alike for a great number of biological and synthetic molecules in water [27]. Iacopini and Piazza [28] descibed the dependence with the empirical equation


    S T   T  =  S  T  ∞    1 - exp     T *  - T   T 0       ,   



(2)




where    S  T  ∞   ,    T *    and    T 0    are fitting parameters. Recently, it became clear that the number of hydrogen-bond sites in the solute molecule is an important parameter when describing the temperature dependence of    S T    and the thermodiffusion coefficient    D T   . It turns out that, for solutes belonging to a homologous series, there is a linear dependence of    S T    to the difference of donor and acceptor sites [29]. Although the reason for this linearity is not yet clear, it can be safely assumed that hydrogen bonding is relevant to the FA/water system as well.




2. Accumulation in Hydrothermal Pores


Figure 1 shows the investigated system, a 2D pore with width    L x    and height    L y   . The aspect ratio is    r =  L y  /  L x    . It has been shown that finite element calculations of 3D systems give qualitatively the same results as calculations of 2D systems [1]. The reservoir with an initial concentration    ω 0    is implemented by holding the concentration at the upper wall constant at    ω 0   . Finite element calculations with different initial concentrations were performed. The naturally occurring concentration of FA in the primordial ocean at a pH between 6–8 and an average temperature of 10 °C is estimated to be only of the order    10  - 7     wt %. In shallow lakes, where the large surface leads to faster vaporization of water and a more effective diffusion of FA from the atmosphere into the lake, higher concentrations (about    10  - 3     wt %) are estimated [4]. The left and the right walls are set to different temperatures (with a temperature difference of 30 K), which results in thermodiffusion of FA (grey arrows in Figure 1) and convection (white arrows). We solved the coupled Navier-Stokes-, diffusion-, and heat-transfer equations, using commercial finite element software (COMSOL), and determined the accumulation of FA. For the FA/water system, the whole concentration range from 0 (pure water) to 1 (pure formamide) is accessible, because they are miscible in any ratio. We measured the temperature and concentration dependence of    S T    and    D T    (thermal- and mass diffusion coefficient) and used the results as well as literature data of specific mass density, viscosity, heat capacity, and heat conductivity of FA/water mixtures as input for the numerical calculations [2].



The combination of convection and thermodiffusion inside the pore results in accumulation of FA in the cold bottom corner of the pore. From an initially constant concentration    ω 0    within the whole pore, a concentration profile arises as illustrated by the contour plot in Figure 1. We see the highest concentrations within the dark red region at the cold bottom corner; here, a possible formation of nucleobases from FA would take place. The concentration in this corner defines the accumulation-fold that is of interest in the following work. We analysed the dependence of FA accumulation on initial FA concentration, ambient temperature, and aspect ratio of the pore.




3. Experimental Results


We used a transient grating technique to measure the Soret coefficient    S T    of FA in water [2]. Figure 2 displays    S T    as a function of the weight fraction in the temperature range between 10 °C and 70 °C. Note that    S T    is positive in the entire invesigated temperature and concentration range indicating that FA is thermophobic and accumulates in cold regions. In order to describe the concentration dependence, we use an empirical equation,


    S T   ω  =   ω a   K +  ω a    +  S  T  0   ,   



(3)




with the fitting parameters a, K and    S  T  0   . A least square fit according to Equation (3), often denoted as Hill equation [30,31], is depicted as dashed lines in Figure 2. With increasing temperature, the concentration dependent slope decreases, so that we observe an intersection around a weight fraction of 0.2. This is typical and has also been found for other associated mixtures [32]. Peculiar is the fact that    S T    of FA increases with concentration, which can support a self-enhanced accumulation process.



We studied for three different mean temperatures    T mean    = 25, 45 and 75 °C the accumulation-fold in a hydrothermal pore as function of the aspect ratio height over width. At each ambient temperature, the width of the pore was fixed to its optimal value, which decreased with increasing ambient mean temperature from 180 to 100   μ  m [2]. Note that an optimum is only found for very low concentrations, while at high concentrations the accumulation-fold remains on the same level for low aspect ratios. At high aspect ratios, we observe always a decrease, because in this case the convection process becomes very fast and prevents an accumulation inside the pore. In Figure 3a the accumulation-fold is displayed as a function of the aspect ratio r. We varied the initial concentration between     ω 0  =  10  - 9     –   10  - 5    . For all studies, we observe for the accumulation-fold as function of the aspect ratio r an initial weak exponential growth, followed by a steep rise at a specific aspect ratio    r *    (an expression for    r *    is derived in the heuristic model (see Equation (7))) and finally the accumulation-fold passes on to a plateau. In this regime, the accumulation-fold is approaching a value of    1 /  ω 0    , so that we have almost pure FA in the lower left corner of the hydrothermal pore. It turns out that the saturation plateau is reached at lower aspect ratios for larger temperatures. At lower ambient temperatures, an accumulation in longer pores is favoured. In conclusion, we can say that the steep increase of the accumulation fold strongly depends on the magnitude of the Soret coefficient at low FA concentrations.



The time dependence of the accumulation-fold is shown in Figure 3b. We fixed the ambient temperature and pore aspect ratio to    T mean    = 45 °C and    r = 156   , respectively. For the highest studied initial concentration     ω 0  =  10  - 3     , the saturation plateau is reached after 11 days, while for the lowest concentration of     ω 0  =  10  - 7      the saturation time is reached after 90 days. For the more likley low initial concentrations between     ω 0  =  10  - 5      and     ω 0  =  10  - 7     , the accumlations takes several months, which seems plausible. As in the case of Figure 3a, we observe at high aspect ratios (   r >  r *    ) that the accumulation-fold as function of time increases steeply before it saturates. A similar behaviour can be observed for all initial concentrations. In contrast, Figure 3c shows that, for a lower aspect ratio of    r = 137 . 5    (   r <  r *    ), we do not observe a steep rise of the accumulation fold as function of time. This signifies that there is no influx of FA molecules into the pore, but only a slight increase of concentration in the cold bottom corner due to relocation of the FA already present inside the pore.



In Figure 4a the accumulation rate is plotted against time (derivative of the accumulation displayed in Figure 3b). For all concentrations, there is a clear maximum before the accumulation rate drops. Figure 4b shows the maximum concentration in the pore at the time of maximum accumulation rates. Independently of initial concentration (x-axis), the accumulation slows down once the concentration reaches 50 wt %. Figure 4c shows a contour plot of the flow speed and illustrates the three types of mass transport occurring inside the pore: convection, Fickian diffusion, and thermodiffusion.




4. Discussion


In order to answer the question, why a certain height to width ratio,    r *   , is required to achieve high accumulation-folds of the order of 85 wt %, we looked at the time derivative of the accumulation fold. The determined accumulation rate versus time is shown in Figure 4a. For all simulation studies, we find a maximum of the accumulation rate at a certain time. We find for all initial concentrations that the time at which the accumulation speed shows a maximum corresponds to the same accumulated concentration of approximately 50 wt % (see Figure 4b).



To get an estimate for the height at which the accumulation becomes effective, we suggest the following Gedankenexperiment. The time to reach the top of the pore, which scales with its height, needs to be long enough so that the molecule can cross the middle of the pore in x-direction to reach the down stream on the cold side. This leads to a depletion of FA in the upper region of the pore. Once the concentration there is lower than    ω 0   , a diffusion of FA from the reservoir into the pore occurs. Then, an efficient accumulation in the pore becomes possible. If the pore is too short, the molecule will be flushed out into the shallow lake reservoir.



Figure 4 illustrates the different processes occurring in a 2D-hydrothermal pore. Due to convection, there is an upstream on the hot side and a down stream on the cold side in y-direction. The thermodiffusion is across the pore in x-direction and it gets stronger, if the temperature difference or the thermal diffusion coefficient become larger. The diffusion has a component in both directions. In an heuristic approach, the velocity in x and y-direction might be estimated by,


      v x    =    - D ·    Δ x  w   L x   + w  ( 1 - w )  ·  D T    Δ T   L x         v y    =     v convection  + D    Δ y  w   L y        



(4)




with the convection velocity    v convection    and the temperature difference    Δ T =  T cold  -  T warm     between cold and warm side. In this simplified approach, we assume a linear change of the concentrations between top and bottom and between cold and warm side with     Δ x  w =  w cold  -  w warm     and     Δ y  w =  w bottom  -  w top    , respectively. Note that in a full description of the problem the concentration w depends on x or y. For a symmetrical velocity profile, we assume that the accumulation becomes effective, when the particles, which are located on average in the middle of the upstream are moving at least a distance of     L x  / 4    to reach the downstream before they reach the end of the column,    L y   . Therefore, the time to leave the hydrothermal pore     L y  /  v y     needs to be larger than the time     (  L x  / 4 )  /  v x     to cross a quarter of the pore width,


     L y   v y   >   (  L x  / 4 )   v x     



(5)




so follows the inequality for the height ratio


     L y   L x   >   v y   4 ·  v x    .   



(6)







Using the expressions for the velocities (Equation (4)) and assuming that the concentration difference in x direction is small compared to the concentration difference in y-direction, we then find


      (  r *  )  2  =     L y   L x    2   >    L y  ·  v convection  + D ·  Δ y  w   4 ·  w   1 - w    D T  Δ T    .   



(7)







Solving Equation (7) for     Δ y  w    and differentiating with respect to the concentration w, we find a maximum at    w = 0 . 5   . This result is in agreement with our transient simulations. It indicates the strongest accumulation around a concentration of 50 wt % (see Figure 4a,b). Further, Equation (7) shows that the height ratio has to increase, if the temperature difference    Δ T    or the thermal diffusion coefficient    D T    decreases. Additionally, an increasing diffusion coefficient requires a longer column, because due to the faster diffusion the molecules can leave the pore to the reservoir before reaching the down stream. This simple heuristic model gives an intuitive understanding, why the numerical simulations show for some height ratios a steep increase in the accumulation rate.




5. Conclusions


On the early earth, the estimated formamide concentrations were fairly low of the order of    10  - 7    –   10  - 3     wt % [3,4,5,6,7,8,33]. The highest concentrations were probably reached in lakes with depths of up to 10 m. In these regions, the formamide concentration increased because of preferential vaporization of water, with a roughly two times lower boiling point compared to formamide [4]. Recently, numerical finite-element calculations for initial FA concentrations between    10  - 7    –   10  - 3     wt % have been performed [2], which showed that FA could be concentrated at the bottom of hydrothermal pores in about 1–3 months. The possible FA concentrations were around    ω ≈ 85    wt %. As an input for the numerical calculations, we used experimentally determined thermal and mass diffusion coefficients, measured over a wide concentration and temperature range, as well as literature data of thermophysical properties of the FA/water mixture. Note that in the entire experimental range, the Soret coefficient    S T    of FA is positive and it is increasing with concentration, leading to a self-enhanced accumulation. The heights and widths of the simulated pores were in the range of 5–35 mm and 100–200   μ  m, respectively, resulting in aspect ratios between 50–200. The open question of the previous work was, why the aspect ratio had to be above a certain threshold to reach an effective accumulation of FA in the pores. At these aspect ratios, the transient calculations also showed a steep increase of the accumulation at a certain time, which was not observed at the lower aspect ratios.



Compared to the previous study [2] we examined more closely how the accumulation process works and how it is influenced by the pore geometry. Using an heuristic model we could show that the accumulation becomes effective if the aspect ratio is so large that FA molecules diffuse into the convective down stream on the cold side of the pore before the convective upstream flushes FA into the reservoir outside of the pore. Analysing the optimal aspect ratio as function of concentration, we find a minimal aspect ratio at a weight fraction of    w = 0 . 5   . The result agrees with the analysis of our transient simulations, which show a maximal accumulation at    w = 0 . 5   .



The here proposed times for accumulation of formamide in hydrothermal pores should only be considered as an order of magnitude. The accumulation times will be influenced by many other unknown factors such as pore dimensions, porosity and temperature fluctuations. Beside shallow lakes, also mineral surfaces are proposed for the “origin-of-life” conundrum. They can work as catalyst in the synthesis of small biological molecules [5] and initiate polymerization [34,35]. Adsorption leads to enrichment on the surface and it has been shown that adsorption slows down the degradation of RNA [36]. Mechanisms proposed in this context might also be applicable for other chemical reactions discussed. In principle, the thermophoretic accumulation is combinable with the concept of surface adsorption since the hydrothermal pores would offer a large mineral surface area that might promote reactions or retain relatively high concentrations of material when the temperature gradient that drives the accumulation decays. For future work, it would be interesting to realize this scenario experimentally.




6. Materials and Methods


In the following two subsection the experimental and simulation details are given.



6.1. Sample Preparation and IR-TDFRS Measurements


We used formamide with a purity of better than    99 . 5   % (Sigma-Aldrich, Steinheim am Albuch, Germany) and water from a Millipore filtration system. Part of the prepared solutions were stored as stock solutions in a fridge. To ensure the stability of the mixtures, we validated the refractive index before each measurement. We did not observe significant changes over the maximum storage time of 8 weeks.



For the Infra-Red Thermal Diffusion Forced Rayleigh Scattering (IR-TDFRS) measurements, the solutions had to be free of dust. By filtering the solutions with a membrane filter with a diameter of 0.22   μ  m directly into the Hellma quartz cells, we avoided contamination of the solutions with dust particles in the air. The optical path length was only 0.2 mm to minimize convection effects. Additionally, we performed measurements at different laser intensities to ensure that the measurements were not influenced by convection. Further details about the set-up can be found elsewhere [37] and details about the measurements of the refractive index contrast factors with temperature and concentration can be found in the supporting information of Reference [2].




6.2. Finite Element Calculations


Using the commercially available finite element software (COMSOL Multiphysiscs 5.1) we solved a combination of thermodiffusion-, heat transfer-, and Navier-Stokes-equations to calculate the spatial- and time distribution of FA in a hydrothermal pore. We compared our model with Baaske et al. [1] calculating the accumulation of diluted nucleotide solutions. In the diluted regime we obtained the same results, but at higher concentrations deviations were observed. It turned out that the model by Baaske et al. was limited to very diluted solutions, because they used the approximation    w ( 1 - w ) ≈ w    in the thermophoretic flux equation. In our model, we used the full expression and all calculations were done in 2D.



The temperature difference across the rectangular pore    Δ T    was kept to 30 K for all simulations. The temperatures at the cold side of the pore was fixed to     T left  =  T mean  - Δ T    and at the warm side to     T right  =  T mean  + Δ T   . At top and bottom of the pore, we assumed thermal isolation so that the temperatures were given by the solution of the heat equation. For all walls, non-slip boundary conditions were used. Further, the normal flux at the bottom and at the side walls was fixed to zero. To simulate the connection to the reservoir we fixed the concentration at the top of the pore to    ω 0   . This approach is in accordance with the simulations by Baaske et al. [1]. Due to this assumptions, it is possible to suck FA molecules into the pore. Note that a fixed concentration at the top is in agreement with the non-slip boundary conditions we use for the Navier-Stokes equations, because it is possible to connect the top of the pore by using for instance a porous membrane with a reservoir with concentration    ω 0   . Due to the use of a suitable membrane the flow velocity can approach zero by simultaneously allowing a material exchange with the reservoir. The thermo- and mass diffusion coefficient had been determined by IR-TDFRS [2], while the other thermophysical properties have been taken from literature [38,39,40,41,42,43,44]. We accounted for the temperature and concentration dependence of all properties and the temperature and concentration dependent equations can be found in the supporting information of Reference [2].



We carefully checked the stability of the stationary and transient calculations for different mesh sizes. It turned out the numerical calculations were stable, when the mesh size was in the order of 3   μ  m between junctions. As was shown in previous studies [1], there is an optimal width of the pore for maximum accumulation, independent from height. We ran calculation at a fixed height to find the optimal width and observed that it varies with temperature. Then, we ran height and time dependent calculations with the respective optimal widths at three different mean temperatures,     T mean  = 25   °C, 45 °C and 75 °C. Different initial weight fractions of formamide    ω 0    in the range from    10  - 9     to    10  - 3     were used, taking into account estimations of concentrations during the early history of the earth [4].
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Figure 1. Contour plot of the concentration profile in a pore with aspect ratio 10 connected to a reservoir in the stationary state. The vertical and horizontal arrows mark the convective and thermodiffusive flow, respectively. 
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Figure 2. Soret coefficient as function of the formamide weight fraction, ω, for various temperatures. The solid lines correspond to a fit according to Equation (3). 
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Figure 3. (a) Accumulation-fold of formamide as function of the aspect ratio r for various initial weight fractions,    ω 0   , and temperatures as indicated. The accumulation-fold of formamide at 25, 45 and 75 °C has been determined at an optimal width of 180, 160 and 100   μ  m, respectively [2]. All curves show an initial exponential growth and then a steep increase, which levels off when the accumulation becomes so strong that it is close to the pure component; (b) Time-dependent study of the accumulation as function of time at 45 °C for various initial concentrations at a high aspect ratio of    r = 156   ; (c) Time dependence of the accumulation fold for a low aspect ratio of    r = 137 . 5   . 
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Figure 4. (a) Accumulation rate as function of time for the same five different initial concentrations as in Figure 3b; (b) Concentration at the maximum accumulation rate as function of the initial concentration,    ω 0   ; (c) Illustration of the three processes, diffusion, thermal diffusion, and convection, in the hydrothermal pore with the width    L x   . The colour scale illustrates flow speed. 
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